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ABSTRACT 
Nowadays, keen competitions in semiconductor industries catalyze the 
manufacturers pursuing the quality and quantity of their product. To achieve high quality, it 
needs precise positioning. To achieve high quantity, it needs high speed and acceleration. 
However, there exists a tradeoff between these two demands since vibration induced by 
high acceleration deteriorates positioning precision. So, it is necessary to find a cost 
effective method to suppress the vibrating structure, and then it should be easy to be 
implemented. Particle damping technology might meet these requirements. It is a non-
obstructive technique using small-size movable mass particles embedded within a vibrating 
structure or filled in an enclosure attached to an appropriate location for suppressing 
vibration. High structural damping would be achieved through the vibration energy transfer 
and dissipation in a collision process. It involves a number of mechanisms including 
friction and impact of particles interacting with one another and with cavity walls. In this 
thesis, a number of experiments were conducted for: (1) figuring out vibration problems 
through the techniques of experimental modal analysis and finite element modeling; (2) 
investigating the characteristics and system parameter effects of particle damping through 
cantilever beam experiments under transient or random excitations; (3) applying particle 
damping technology to electronics manufacturing equipments, such as bond arms on die 
bonding machines or bond head stands on wire bonding machines. By comparing the 
damping ratios or FRF amplitudes with and without particles, the experimental results show 
the significant effect of moving particles on providing damping, and the vibrations of the 
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1.1.1 Vibration Control 
The presence of vibration often leads to undesirable effects such as structural or 
mechanical failure, frequent and costly maintenance of machines, or human pain and 
discomfort. Vibration in a system could come from forced or resonant excitations. Forced 
vibration can be due to internally generated forces, unbalances, external loads, and ambient 
excitations. On the other hand, resonant vibration occurs as one or more of the natural 
frequencies of a machine or a structure are excited and the system undergoes dangerous 
large oscillations. Many failures of such structures as buildings, bridges, turbines, and 
airplane wings have been associated with the occurrence of resonances. 
Nowadays, government regulations, consumer action groups, environmental 
protection law, better life quality, and many other factors are putting pressure on many 
industries to build their products, which weigh less and operate more reliably and 
efficiently, with less noise and vibration than in the past. In many practical situations, it is 
possible to suppress but not eliminate the vibrations. The methods used respectively are (1) 
to control the natural frequencies of the system and avoid resonance under external 
excitations; (2) to prevent excessive response of the system, even at resonance by 
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introducing a damping or energy-dissipating mechanism; (3) to reduce the transmission of 
the excitation forces from one part of the machine to another, by the use of vibration 
isolators; and (4) to reduce the response of the system, by the addition of an auxiliary mass 
neutralizer or vibration absorber. In some cases, one might use all four of the above general 
methods for vibration control. 
There exists two major branches of control techniques, which are active and passive 
control. Passive control involves modification of the stiffness, mass, and damping of the 
vibrating system to suppress the vibrations. On the other hand, active control requires 
sensors on the structure, which can detect the vibration. The signals acquired are then 
processed with computers or electronic systems. Finally power amplifiers would receive the 
processed signals and drive the actuators to reduce the total vibration. Therefore, active 
control methods are more costly than passive methods. Moreover, because of the 
advantages of simplicity, reliability, convenience, and cost-effectiveness, passive control 
still has an outstanding status in vibration control although active control has been of 
popular interest in recent years. 
1.1.2 Passive Damping and Particle Damping Technology 
Passive damping techniques have been greatly improved with the development of 
new materials combined with the application of a better understanding of vibration physics. 
In recent years, the applications of viscoelastic materials have obtained a great achievement 
and new concepts are still under development. However, viscoelastic materials are very 
sensitive to the temperature change. They could be very effective for suppressing vibration 
in room and moderate temperatures (generally below 260° C) but lose their effectiveness in 
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low and high temperature environments. They have a tendency to degrade, embrittle, and 
disintegrate with time. In order to solve the vibration problems in a harsh environment and 
then the dampers could work durably, many researchers are devoted to find some new 
vibration control techniques that operate effectively under such conditions. Researches have 
indicated that particle damping could be a viable option for extreme environment 
applications, such as elevated [1] or cryogenic [2] environment, and/or under centrifugal 
loading [3]. Material particles like metals, ceramics, or metal oxides could be used to have 
high resistance to temperature, corrosion, and thermal aging effects. 
The implementation method for particle damping can commonly be grouped into 
two categories: (1) particles are inserted into a relatively simple auxiliary device like a 
container or enclosure, then the container or the enclosure is attached to an appropriate 
location on the vibrating structure; (2) particles can also be directly embedded in cavities 
built-in a vibrating structure. Induced vibrations cause the particles placed in a structure 
cavity or particle enclosure to interact with one another and with the cavity wall, thus 
transferring and dissipating vibration energy. It involves a number of mechanisms including 
momentum transfer from the cavity or enclosure wall to particles, induced frictional motion 
between particles/cavity wall, and plastic deformations at the points of contact. The 
removal of vibratory energy would be in the form of elastic waves, heat, or sound. 
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1,2 Literature Review 
Over the past few decades there has been arousal of interest in the field of vibration 
control of structures by using particle damping. Existing techniques of particle damping 
found include (a) impact damper, (b) bean bag damper (BBD)，and (c) non-obstructive 
particle damping (NOPD). (a) Impact damper consists of a secondary (impactor) mass 
operating in the container or cavity of a primary (oscillator) mass. A clearance exists 
between the two masses allowing the impactor to move relative to the oscillator resulting in 
periodic impacts, (b) Bean bag damper is a flexible bag full of particles. The fit of the cover 
is critical and should not be quite so tight that all the relative movement of the particles 
would be prevented, (c) Non-obstructive particle damping consists of drilling small 
diameter holes (or cavities) at appropriate locations inside vibrating structures and filling 
these holes to appropriate levels with particles which yield the maximum damping 
effectiveness for the desired modes of frequencies. 
As far as 1969, Marsi [4] investigated the general motion of a conventional impact 
damper. It consists of a solid particle, attached to the primary system, that moves freely in 
one direction within the boundaries of a container. It is simple and efficient that employs 
momentum transfer between the frictionless impacting mass and the vibrating structure, in 
addition to mechanical energy dissipation during impact, to attenuate the response of the 
primary system. After that, Marsi [5 � 6 ] also showed if a given single-unit impact is 
replaced by two or more units of equivalent total mass operating in parallel, the particle 
damper is more efficient. Moreover, the problems of material deterioration and high noise 
levels can be reduced. Masri's studies take an important step in the concepts of particle 
damper. Later on, in nineteen nineties, Papalou and Masri [7�9] investigated the 
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performance of a particle damper with granular materials (tungsten powder, steel ball), as 
an impacting mass, under broadband random or harmonic excitations. The effects of 
various system parameters including particle size, total auxiliary mass ratio, container 
dimension, intensity, and frequency of excitation are studied. An approximate analytical 
solution, based on the generalization of the experimental results using the concept of an 
equivalent single-unit impact damper, is developed for estimating the primary system 
response levels when operating in the vicinity of the optimum combination of system 
parameters. Their researches have expanded the analysis of particle damper from a single-
particle to multi-particle ones. 
Panossian [10] first introduced NOPD technique for using in space shuttle main 
engine liquid oxygen inlet tee vibration problem. The test results obtained indicate 
significant vibration reductions under hammer impacts and high frequency/high amplitude 
shaker excitations. For example, the torsional mode at 5021 Hz, the damping ratio was 
0.0006 and the amplitude was 52.8 g/lb when empty. It changed to 0.0035 and 9.5 g/lb, 
respectively, when filled with tungsten powder. It illustrated a damping effect exceeding a 
factor of 5. Besides, Hollkamp and Gordon [1] suggested particle damping would be a 
promising technique for reducing the high vibratory stresses that cause high cycle fatigue in 
military jet engines. For the test, a cantilever beam in), which has eight holes 
drilled through the width and is filled with granular particles, experiment was conducted to 
evaluate the effect of a number of system parameters on particle damping performance. The 
most important conclusion of this study is that measurable levels of damping can be 
achieved with a small quantity of particles. However, the maximum added damping in this 
study was just 0.55% of critical damping constant. The expected levels of damping are 
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small. The particle damping is found complicated and its phenomenon is also highly 
nonlinear. 
Although the nonlinearity of particle damping complicates its research, its great 
potential in engineering applications cannot be ignored. Numerous attempts have been 
made to characterize and predict the behavior of particle damping. Fowler et al. [11 � 1 2 ] in 
CSA Engineering Inc. tried to outline a particle damper design methodology and applied to 
a sample application. Its critical steps in the design process include experimental testing and 
analytical simulation. Although the methodology has provided a good aid for design 
guidelines, some efforts are still continuing to achieve better correlation between the 
analytical predictions and experimental measurements, for example, (1) at all of the 
excitation levels, much greater attenuation is predicted than what is observed 
experimentally. And then at lower excitation levels, it is likely that the particles could 
remain stationary relative to the cavity; and (2) the experimental results show almost no 
reduction compared to the undamped case while the simulation code predicts significant 
reduction. Due to the complex interactions of the loss mechanisms in a particle damper and 
the large number of parameters affecting the damping performance, it is extremely difficult 
to simulate contact interactions of particles in the holes or enclosures at all time. For 
simplicity and saving memory in calculation, many assumptions made in the simulation 
would loss its ability to capture the most important contact properties. Therefore, in the 
beginning of implementation, a trial-and-error testing is necessary for the particle damping. 
The experimental results will give a clue for the analytical model development. 
Until now, the applications of particle damping have been attempted in (1) 
aerospace engineering, such as rocket engine turbopumps, space shuttle main engine; (2) 
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aircraft manufacturing, for example, military jet engines; and (3) sports equipment, such as 
racket, baseball bats [13�14]. In this project, for the first time, the application of particle 
damping technology will be extended to the semiconductor industries, which are multi-
million-dollar industries in the world. 
1.3 Research Objective 
It is a joint project with a local electronics manufacturing company. The aim of this 
project is to propose a novel technique of using non-obstructive particle damping method 
for electronics manufacturing equipment, such as die bonding and wire bonding machines. 
First of all, it is to show the feasibility of particle damping on suppressing the vibrating 
structure. Secondly, it is to check the effectiveness of particle damping under different 
combinations of system parameters. And then with the help of experimental modal analysis 
and finite element modeling, the vibration problem can be figured out by analyzing the 
dynamics properties of the testing structure under different conditions. Finally, from a 
series of experimental studies, it attempts to introduce a useful guideline for this 
engineering application. In the project, two problems are to be solved. One is to solve the 
vibration problem of a bond arm in precision positioning induced by high acceleration. And 
the other one is to suppress the vibration of a bond head stand in wire bonding machine. 
1.4 Organization of the Thesis 
There are three major parts in this thesis including (1) particle damping experiments 
with a cantilever beam, (2) investigation of system parameter effects on particle damping 
performance, and (3) application of particle damping on a bond arm in die bonding machine 
and bond head stand in wire bonding machine. The thesis is divided into six chapters. 
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Chapter 1 is the introduction and review of previous studies on particle damping. Chapter 2 
presents the experimental study for the first part. It will analyze the nonlinear phenomenon 
of particle damping and show its feasibility on suppressing vibration. The investigations of 
the second part will be shown in Chapter 3. Effects of some system parameters on damping 
performance are studied at certain modes of frequencies. In Chapters 4 and 5，applications 
of particle damping on the bond arm and bond head stand are illustrated respectively. The 
accomplishments with particle damping technique will also be shown. Finally, the results of 
the study will be summarized and the future work will be recommended in Chapter 6. 
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CHAPTER TWO 
PARTICLE DAMPING CHARACTERISTICS AND FEASIBILITY 
2.7 Particle Damping Characteristics 
2.1.1 Energy Balance in SDOF System 
Considering a single-degree-of-freedom (SDOF) system, the application of 
Newton's law yields the equation of motion under an external force: 
mx + cx + kx = F{t) (2.1) 
Multiplying both sides by x and integrating along the time, the energy equation for 
the SDOF system in one cycle [ft 7] is obtained as follows: 
广 r dx c^ /"T dx r^ 
m——xdt + cxxdt + kx——dt = F{t)xdt (2.2) 
Jo dt •'o •'0 dt 
The ist term in the left hand side is the gain in kinetic energy of system in one cycle 
under the external force F(t) and is equal to: 
r dx 2、 （2.3) m—xdt = —m{Vr - Vn) Jo dt 2 ^ ‘ 
where v(0) = v � a n d v(T) = Vj are the system velocities at time 0 and T 
respectively. 
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The 3rd tej^j^ the left hand side is the gain in potential energy of system in one 
cycle under the external force F(t) and is equal to: 
rr dx^ 1 , , 2 2� （2.4) 
kx — at = —k(Xr -Xn) 
Jo dt 2 ^ ‘ 
where x(0) = Xq and x{T) = Xj are the system displacements at time 0 and T 
respectively. 
Moreover, the term cxxdt is the energy dissipated by a damping system in one 
Jo 
cycle and the term F(t)xdt on the right hand side is the energy applied into the system in 
Jo 
one cycle under the external force F(t). It has been shown that the energy input is equal to 
the energy output in the SDOF system and the energy in the system is balanced. 
2.1.2 Energy Dissipation Mechanisms in Particle Damping 
Mao [15] and Chen et al. [16] had developed a Discrete Element Method (DEM) 
model as shown in Figures 2.1 � 2 . 2 to investigate NOPD's energy dissipation mechanism. 
Figure 2.1 A DEM model of NOPD system Figure 2.2 Relative motion between the particle 
and the structure 
- 1 0 -
In Figure 2.1, Kt, Q and M/are the tangent contact stiffness, tangent contact damping 
coefficient and friction coefficient respectively. Kn and C„ are the normal contact stiffness 
and normal contact damping coefficient respectively. In Figure 2.2, Vb is the linear velocity 
of the particle, 6b is the rotating velocity of the particle, vo is the primary structure velocity 
(neglecting its rotating velocity), and r shows the normal direction at the contact point 
(pointing to the center of the particle). In Figures 2.1 �2.2，the enclosure wall is represented 
by a rectangular box. In DEM modeling, each particle is assumed to a rigid body and the 
entire NOPD system is considered as an assembly of the particles and the primary system. 
According to Mao's [15] studies, the energy in NOPD system also is balanced 
between the input energy and the output energy. The input energy E can be expressed by 
the following equation: 
E = 皿 一 + Yu^fricuon + I X + (2.5) 
In Eq. (2.5), AE—c is the impact energy dissipation between particle and primary 
system and among particles; is the friction energy dissipation between particle and 
primary system and among particles; and £•印 are the kinetic energy and potential 
energy of the particles respectively; E^ and E^ are the kinetic energy and potential energy 
of the primary system respectively; and E � i s the energy dissipated by the primary 
damping system and the energy dissipated in the other forms such as heat or sound. From 
the equation, it is shown that as the energy dissipation by impact and friction and the energy 
carried by particles increases, the energy of primary system decreases and its vibration 
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decreases too. On the other hand, the each calculation of energy in the equation is shown in 
the following equations. 
a. Kinetic Energy 五众 and Potential Energy E^ 
E, = m x l / 2 , E ^ = k { x l - x l ) l 2 (2.6,2.7) 
where v(0) = 0, v{T) = Xj, jc(0) = x^, x{T) = Xj\m and k are the mass and stiffness 
of the primary system. 
b. Kinetic Energy £•诚 and Potential Energy 五印 
Ebk (vl + v l + v^ ) + {Ol + + ) (2.8) 
where v^^,〜，and v^ ^ are velocities of particles in x-, y-, and z-direction 
• • • 
r e spec t ive ly ;�，�，and 氏之 are angular velocities of particles about x-, y-，and z-
axis; nib is the mass of particles; and is the moment of inertia of spherical 
particles. Besides,五如 is assumed to be zero for the maximum 五诚. 
c. Impact Energy Dissipation 
Suppose the contact period be z . Then, the impact dissipation can be further 
described as follows: 
(2.9) 
where C„ is the normal contact damping coefficient; e is coefficient of restitution; 
and is the normal velocity. 
In Eq. (2.9), 
C , , M = 肌 1 爪 2 (2.10-2.12) 
- 1 2 -
Particle Damping Characteristics and Feasibility 
where K’� is the normal contact stiffness; v � a n d vf are the velocities of a particle 
or structure before and after contact respectively; V2 and v^ are the velocities of 
another particle before and after contact respectively; mi is the mass of a particle or 
structure; and m2 is the mass of another particle. 
If the tangent force Ft is less than the friction force Ff, i.e. \Ft\ < |F/|, there would be 
no relative sliding. Thus, the impact energy dissipation along the tangent direction 
can be calculated in the same way. 
d. Friction Energy Dissipation ISEf—ion 
When \Ft\ > there exists relative sliding. Thus, the friction energy dissipation is 
given as: 
組 = \lF,{tX{t)dt (2.13) 
where fi^ is the kinetic friction coefficient; Fn is the normal force; and Vt is the 
tangent velocity. 
e. Energy Dissipation by Primary System AE"^  
A五 D = [ cv]{t)dt + Sound + Heat + … （2.14) Jo 
where c and v^  are the damping coefficient and velocity of the primary system 
respectively. 
The collision process between the primary system and particles would transfer 
energy from the primary structure to the particles. This in turn would result in change of 
motions of the particles. When two particles collide, their relative motion can be separated 
into the tangential and normal motions. The energy transferred to the particles from the 
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primary system is dissipated mainly by impact and friction energies due to these two 
mechanisms. 
Impact energy dissipation comes from the collisions between particles and the 
primary system and among particles and friction energy dissipation arises from the relative 
sliding motion between particles and primary system and among particles. Eq. (2.9) shows 
that the coefficient of restitution is the main factor to affect the impact energy dissipation. 
On the other hand, the restitution coefficient is a function of particle size (D办)，particle form 
( � J , specific density (pj，hardness (私）and Young's modulus (五办）of the particles, and 
hardness (Hs) and Young's modulus (五J of the primary structure. It can be expressed as 
follows: 
e = f(Db 水,Pb’Hb,Eb,Hs,E) (2.15) 
Besides, Eq. (2.13) shows that the main factors of friction energy dissipation are the 
normal force and friction coefficient, which is also associated with Db, Pb,私，^b，仗， 
and E^. Moreover, the energy dissipation due to impact and friction also depends on the 
amount of particles contact with each other (AO at any given time. This is related to the 
packing r a t i o � ( p \ hole-particle diameter ratio {y ), and frequency {(O^) and amplitude (AJ 
of the exciting force. So, the amount of particle contact with each other can be expressed as 
follows: 
N = f((p,y,cOe,Ae) (2.16) 
Therefore, the particle damping characteristics are affected by several system 
parameters as shown in Eq. (2.15�2.16). More energy dissipated larger damping obtained. 
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An optimum design of system parameters would lead into maximum energy dissipation by 
impact and friction. 
2.2 Particle Damping Feasibility 
2.2.1 Cantilever Beam Experiment with Free Vibration 
For initial experimental studies, a simple cantilever beam experiment with free 
vibration is conducted to investigate the nonlinear behavior and feasibility of particle 
damping. The beam is 110 mm long, 38.1 mm wide and 3.81 mm thick. The root of the 
beam is fixed by a C-clamp device. A damper block (38 x 42 x 20.5 mm) has eight holes 
drilled through the width as shown in Figure 2.3. The block is attached to the free end of the 
cantilever beam and its holes are filled with particles. 
Gravity 
Figure 2.3 Schematic of the beam Figure 2.4 Cantilever beam setup 
The cantilever beam is excited with applying an initial displacement at x(0) = 0.41 
mm as shown in Figure 2.4. As the support bar is released, the acceleration response in the 
middle of the block is measured with an accelerometer (Bmel & Kjaer 4500) and then the 
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signal is processed and stored in a multi-channel FFT analyzer (Ono Sokki CF-3400). The 
first mode of the beam (fni = 70 Hz) is excited in the experiment. A typical free-decay 
acceleration time history of all holes filled with 50% of tungsten particles with 1 mm in 
diameter and without particles is shown in Figure 2.5. 
40 1 ^ 1 1 I 1 I I 1 - ‘ 
1 A “ 1Tl “ 9 • Without particles 
j�•卞_is ^ ^ • W powders 50% 
30 - I ； ； ： -
. I 
r 丨 i i i k i J …、. 丨 -
叫 i i r 1 丨 -
： ： ： • • • 
-30 • 一 
• • • 
• • • 
• • • 
L 1 J 1 1 1 1 1- ‘ 1— 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
Time (sec) 
Figure 2.5 Different damping regions in free-decay time history 
In the free-decay trace, the first region is related to the damping effect of particles 
and the second region is the inherent structure damping. The decay trace in region 2 is very 
close to the original trace without particles. It shows that after 0.2 sec, very little or no 
particle motion occurs, thus no additional damping mechanism is in effect. The interesting 
region 1 can be divided into two regions (A and B). Region A has the largest damping 
effect. Initially the particles are bouncing in the holes due to the larger vibration amplitude. 
It provides a “braking effect" on the holes and energy dissipation through momentum 
transfer in impact and friction between particles and structure-particle interfaces is larger in 
the case. For region B, its damping effect is smaller than that in region A. The reason would 
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be that as the vibration amplitude decays, the motion of particles becomes slowly in the 
holes and then energy dissipation becomes less. This trace has briefly depicted the energy 
dissipation mechanisms for particle damping. 
2.2.2 Effectiveness of Particle Damping 
In the study, there are three types of particle materials including lead granules, 
tungsten granules, and tungsten powders. Lead and tungsten granules are 1.5 mm and 1 mm 
in diameter respectively and so the factor of particle material with similar diameter can be 
verified. By comparing the results between tungsten powder (9.85 [xm) and granule, the 
extreme size effect on damping performance can be verified also. The experimental results 
are shown in Table 2.1 and Figure 2.6. 
0.14 -I 
0 .08- / / ^ ^ ^ y ： ； ^ I + lead 
J / X tungsten 
••06 - ^ Z I 士 W powder I 
0.04 - y 
0.02 - “ 
0 - I 1 1 1 1 1 
0% 50% 75% 85% 95% 
Figure 2.6 Damping ratios versus packing ratios of different granules at/„i = 70 Hz 
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Table 2.1 Effect of packing ratios with short cantilever beam (fni = 70 Hz, x(Q) = 0.41mm) 
Factors Damping Ratio ( 
Beam Packing Lead Granules Tungsten Granules Tungsten Powders 
Length Ratio (�1 .5 mm) (1 mm) (9.85 \im) 
0% 0.0232 0.0232 0.0232 
^ 0.0561 0.0657 0.0550 
11 cm ^ 0.0964 0.1185 0.0589 
^ 0.0754 0.0995 0.0840 — 
^ 0.0892 0.1067 0.0782 
From the experimental results, particle damping has shown its effectiveness for 
suppressing vibration. At the first mode of the beam (70 Hz), the damping ratio has been 
increased 5.1 times than the original one without particles for the cantilever beam filled 
with 75% packing ratio of tungsten granules. The damping ratio is calculated by the least 
mean square method with the help of Matlab programming by considering the exponential 
curve of x. = A e 一 . Since the curve decay in time domain is not usually exponential with 
particles, such method used here is approximate in the calculation of damping ratio. 
Besides, the settling time (±10%) of the cantilever beam with filled particles has been 
greatly reduced by comparing the vibration amplitude of the beam in time domain. Among 
three types of particles, tungsten granule achieves the best performance in providing the 
most particle damping. It will be used in later experimental studies. 
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CHAPTER THREE 
A STUDY ON PACKING RATIO AND GRANULE SIZE 
From energy dissipation mechanism discussed in Chapter 2, it has shown that 
particle damping performance is influenced by several system parameters such as particle 
size, packing ratio, hole-particle diameter ratio, particle form, specific density, hardness, 
and Young's modulus of materials, frequency, and amplitude of the exciting force. In this 
chapter, two system parameters, which are packing ratio and granule size, will be studied 
while other factors remain constant. The packing ratio is defined as the ratio of the amount 
of granules filled in a hole to the amount a hole can be filled. And the total amount filled is 
defined as 100% packing ratio. Besides, the granule size is equal to the sieve diameter. The 
sieve diameter is the width of the minimum square aperture through which the particle will 
pass as sieving. A series of Tyler Standard sieves with square woven meshes are used for 
sizing particles. After showing the feasibility of particle damping, investigation of granule 
size used and the amount of particles to be filled in a specific hole would be designed for 
engineering application. 
3,1 Experimental Setup 
The experimental setup of the steel cantilever beam is shown in Figure 3.1. 
Damping performance of granules filled in the vertical direction will be investigated by 
using a 50x6x 12 mm steel beam with 6.00 mm diameter and 10.00 mm depth of cylinder 
holes in vertical direction. Total 96 holes are evenly distributed on the beam as shown in 
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Figure 3.2. At specific mode of frequency, accelerance is obtained from the acceleration 
response at the tip of the cantilever beam with miniature cubic accelerometer (Brtiel & Kjaer 
4500), 300 mm from the fixed end, divided by the exciting force measured by force 
transducer (Brtiel & Kjaer 8203) at 45 mm from fixed end shown in Figure 3.3. The gain of 
the power amplifier (Brtiel & Kjaer 2706) is kept constant in the experiment for comparing 
damping performance between each case. White noise random signal generated from multi-
channel analysis system (Briiel & Kjaer 3550) is applied to a small vibration shaker (Bruel 
& Kjaer 4810) for excitation. The bottom length without holes of the vertical-hole beam is 
applied to the fixed boundary condition in modal analysis shown in Figure 3.4. Then, 
signals from the sensors are amplified by charge amplifiers (Briiel & Kjaer 2635), digitized, 
and stored in the analyzer's memory as blocks of data, one data block for each measured 
set. 
Charge Amplifier ： | p"*"" Charge Ainplirier 
，…. I I 1 i • • I ^ . 
：f 丨丨： ……---
G 教 ！ It 、身：“ 
… … I . .. .... . . J . - .... 1 
:||r — i ：秦 #：1 
MwUi-^hannci FFT .ii^ilvzcr � 
:. Q f O O f  
「 I 
1 Acc<>leroineter Fixed End Part 
Mil •• I. ^ ::: I : • I III- I : •“••••_-|^ |-_::^ ~.-»-|:_圓_圓»-川譯圓«-:_ _ : II mi I —I. <1  玄iiiil 
Steel Beam Force Transducer * " — - ‘ 
p ^ O  
Small Shaker P辑r A.即lifier 
/7777T 
Figure 3.1 Schematic of experimental setup for steel cantilever beam 
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112 
Figure 3.2 Vertical-hole steel beam (in mm) 
Figure 3.3 Position of sensing and exciting Figure 3.4 Fixed end boundary condition 
Each hole on the beam would be filled with particles. Various packing ratios, from 
50% to 100%, with four different granule sizes, 0.30�0.50, 0.50�0.71，0.71 �1.00, and 
1.00-1.40 mm, are studied. In the study, the particles are embedded into the structure and a 
thin aluminum sheet covers the holes to prevent particles from spilling out. It is similar to 
the NOPD case mentioned before. At specific modes of frequencies, the relationships (1) 
between damping ratio and packing ratio and (2) between damping ratio and granule size 
will be investigated. It should be noted that the granule size chosen would not be greater 
than half of hole-diameter. If the particles are too large, the particles will be blocked in the 
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holes. It would degrade the performance for particle damping. And then the packing ratios 
below 50% will not be studied since fewer amounts of particles can be filled. 
Under white noise random excitation in the range of 0 to 6.4 kHz, five modes of 
frequencies are initiated including 104 Hz, 640 Hz, 1775 Hz, 3380 Hz, and 5440 Hz. In 
order to analyze the damping performance at certain mode of frequency, narrow-band 
random excitation is adopted for each mode of frequency. The centers in the bands of 
frequencies are several modes of frequencies. And the frequency span is determined by the 
response at such mode of frequency and the position of half power points. 
Half-power bandwidth method is used for estimating damping ratios by Eq. (3.1) 
with the help of programming in Matlab. Q is the value of the amplitude ratio at resonance. 
The points wl and w2, where the amplification factor falls to Q/V2, are the half power 
points. In order to reduce errors, polynomial curve fitting is applied to the signals in the 
calculation of damping ratios as shown in Figure 3.5. And then each signal is averaged 
eight times to improve data reliability and its coherence is usually between 0.8 and 1. 
221 1 1 1 1 1 1 1  
2 0 - 丨 -
i 
1 8 - Q -
：： A : 
Q/sqrt(2) / y  
1�- / \ (3.1) 
8 - / \ w2 + wl 
6. ^ ^ 
wl w2 
2 I I I I 1 1 1  
1550 1600 1650 1700 1750 1800 1850 1900 1950 
Figure 3.5 Half-power bandwidth method with polynomial curve fitting 
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3,2 Effect of Packing Ratio 
Comparison of damping performance of different packing ratio as 0.30�0.50, 
0.50�0.71, 0.71�1.00，and 1.00�1.40 mm tungsten granules filled is made in the study. The 
following Table 3.1 shows the better damping performances acquired at different modes of 
frequencies by comparing their amplitudes of frequency response function (FRF) at specific 
situation. It shows the effect of packing ratio on damping performance. 
Table 3.1 Better damping performances with different packing ratios  
Size 104 Hz 640 Hz 1775 Hz 3380 Hz 5440 Hz 
0.30�0.50 mm 50% • 90% 100% 80% “ 80% “ 
~050-0.71 mm 60% 90% — 100% 100% — 80% 
~0?71~LQ0mm 60% 80% — 100% 100% — 9Q%/1QQ^ 
"Too-1.40 mm 50% 90% 60% 8Q%/1QQ% 80% 
At lower frequency (-100 Hz), tungsten granules with 50-60% of packing ratio have 
better performance while at medium (600�2000 Hz) and higher frequencies (3000�6000 
Hz), the damping performance is better as the packing ratio ranges from 80% to 100%. Half 
packing fraction performs better at lower frequencies but higher packing fraction becomes 
better at medium and higher frequencies. At the lower frequency, the amplitude of FRF is 
about 2 times less than the original one without damping. The energy dissipation through 
impact dominates in the process. However, at higher or medium frequencies, the energy 
dissipation through friction would be dominant in the process. So, higher packing ratios 
usually have better performance. Their FRF amplitudes reduction can be up to 10 times less 
than the original ones without damping. 
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3,3 Effect of Granule Size 
Comparison of damping performance of different granule size, fine (0.30�0.50 
mm), small (0.50~0.71 mm), medium (0.71 �1.00 mm), and large (1.00�1.40 mm) with 
50%, 60%, 70%, 75%, 80%, 90%, and 100% packing ratio is made in the study. Table 3.2 
shows the better damping performance acquired at different modes of frequencies by 
comparing their FRF amplitudes at specific situation. It shows the granule size effect on 
damping performance. 
Table 3.2 Better damping performances with different tungsten granule size 
(A: 0.30�0.50 mm; B: 0.50�0.71 mm; C: 0.70-LOO mm; D: 1 00-1.40 mm)  
Ratio 104 Hz 640 Hz 1775 Hz 3380 Hz 5440 Hz 
50% B ' A A D • D • 
60% B/C A/B A/D D D 
70% A/C “ B/C A/B D — D 
75% “ B/C C/B B/A D D 
80% B “ C/B B/A D " D " 
90% C/A B/A B/A D D 
100% I A I B/C I B/A I D I D 
At lower and medium frequencies, fine and small tungsten granules have better 
performance in general while at higher frequencies, performance with large granules is 
better than the other three granule sizes. The higher the frequencies, the larger the granules 
are favored. The fine and medium granules will pack more closely than the larger ones in 
holes. The lower layers of them will be easily stuck and just the upper layer particles can 
participate in motion. At higher frequencies, the small vibration amplitude is not enough to 
activate the lower layer to move. So, performance of fine and medium granules is not good 
under such situation. 
- 24 -
A Study on Packing Ratio and Granule Size 
3,4 Damping Ratio Estimation 
Tables 3.3�3.6 show the damping ratios estimated for different modes of 
frequencies by the half-power bandwidth method. 
Table 3.3 Damping ratio varying with packing ratio of tungsten granules 0.30�0.50 mm at 
different modes of frequencies  
Factors Damping ratio ( at modes of frequencies  
Packing ratio 104 Hz 640 Hz 1775 Hz 3380 Hz 5440 Hz 
0% 0.0053 “ 0.0055 0.0080 0.0042 — Q.QQ33~ 
50% 0.0114 0.0360 “ 0.0225 0.0086 — 0.0075~~ 
60% 0.0149 0.0264 0.0401 0.0095 “ 0.0078 “ 
70% — 0.0102 0.0242 “ 0.0471 0.0104 ~ ~ 0.0093 
75% 0.0081 0.0259 “ 0.0433 0.0114 “ 0.0145 “ 
80% — 0.0061 0.0222 一 0.0591 0.0191 “ 0.0132 
90% 一 0.0069 0.0322 “ 0.0306 0.0155 “ 0.0104 
100% 0.0082 0.0198 0.0856 0.0133 0.011^~~ 
Table 3.4 Damping ratio varying with packing ratio of tungsten granules 0.50�0.71 mm at 
different modes of frequencies  
Factors Damping ratio C at modes of frequencies  
Packing ratio 104 Hz 640 Hz 1775 Hz 3380 Hz 5440 Hz 
0 % 0.0053 0.0055— 0.0080 0.0042 0.0033 
50% 0.0126 0.0205 0.0254 0.0102 0.0112 
60% - 0.0082 0.0209 0.0293 — 0.0132 — 0.0110 
70% 0.0096 0.0291 0.0592 — 0.0130 0.0143~~ 
75% — 0.0093 0.0355 一 0.0720 0.0126 0 . 0 1 2 7 ~ 
80% — 0.0092 0.0266 一 0.0703 0.0134 — 0.0188 
— 9 0 % — 0.0060 0.0442 “ 0.0449 0.0189 ~ ~ 0.0169~~ 
— 1 0 0 % 0.0061 0.0339 0.0763 0.0215 0 . 0 1 2 1 ~ 
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Table 3.5 Damping ratio varying with packing ratio of tungsten granules 0.71 �1.00 mm at 
different modes of frequencies  
Factors Damping ra t io� at modes of frequencies  
Packing ratio 104 Hz 640 Hz 1775 Hz 3380 Hz 5440 Hz 
0% 0.0053 — 0.0055 0.0080 0.0042 0.0033 一 
50% 0.0077 — 0.0226 0.0237 0.0101 0.0079 — 
60% 0.0171 0.0213 0.0286 0.0129 0.0126 — 
10% 0.0105 - 0.0296 0.0278 — 0.0125 — 0.0093 
75% — 0.0110 0.0349 “ 0.0343 “ 0.0124 0.0099 “ 
80% 0.0068 — 0.0344 — 0.0284 0.0177 0.0167 — 
90% — 0.0064 0.0233 “ 0.0285 — 0.0200 ~ ~ 0.0195 
100% 0.0066 0.0265 0.0422 0.0229 0.0174 “ 
Table 3.6 Damping ratio varying with packing ratio of tungsten granules 1.00�1.40 mm at 
different modes of frequencies  
Factors Damping ratio ( at modes of frequencies  
Packing ratio 104 Hz 640 Hz 1775 Hz 3380 Hz 5440 Hz 
0% — 0.0053 0.0055 “ 0.0080 0.0042 — 0.0033 
50% 0.0102 “ 0.0168 “ 0.0286 0.0218 — 0.0228 
60% 0.0105 0.0184 “ 0.0591 0.0271 ~~ 0.0226 
70% 0.0074 “ 0.0192 “ 0.0288 0.0297 — 0.0257~~ 
75% 0.0075 0.0179 “ 0.0307 — 0.0379 一 0.0312 
80% — 0.0065 “ 0.0186 0.0210 0.0525 — 0.0544~~ 
90% 0.0059~~ 0.0222 0.0303 0.0378 0.0369 
100% 0.0059 0.0192 0.0287 0.0522 0.0342~~ 
From the damping ratios estimated, the following discussions can be made: 
a. At 104 Hz, damping performance is less significant compared to other modes. A 
maximum one of damping ratio value is just up to 3 times of the one without 
particle. The maximum value frequently appears at 50% or 60% of packing ratio. 
This is similar to the result by comparing the FRF amplitudes in Table 3.1. 
b. At 640 Hz, larger damping ratios are of frequent occurrence at 80% or 90% of 
packing ratio, except for 50% of packing ratio for 0.30�0.50 mm granules. Damping 
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performance is quite good for granular damping at such frequency. Damping ratio 
increased is around 3.1 � 8 . 0 times of the one without particle damping. 
c. At 1775 Hz, the larger damping ratio frequently takes place at 100% of packing 
ratio, except for 60% of packing ratio for 1.00�1.40 mm granule. This phenomenon 
also is shown in Table 3.1 by comparing the FRF amplitudes in the case. The 
difference of damping performance between larger and smaller packing ratios is 
quite obvious. The minimum one is just up to 2.63 times of the one without particle 
damping but the maximum one can be up to 10.7 times. 
d. At 3380 and 5440 Hz, damping performance for first three-size granule is quite 
similar to the previous cases. It is around 2.0�5.91 times of the one without particle 
damping. However, for the largest size granule, damping performance is very 
significant. The minimum one is 5.19 times the one without particle while the 
maximum one is up to 16.48 times. The vibration energy is greatly dissipated by the 
particles filled. 
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3,5 Trends of Damping Ratio against Packing Ratio 
The horizontal line in Figures 3.6�3.10 is the value of damping ratio without 
particles. From the trends as shown in the figures, the following points can be observed: 
a. At 104 Hz, damping ratio appears to reduce as increasing packing ratio as shown in 
Figure 3.6. All of them start to decrease as they reach their maximum at 60% of 
packing ratio, except for 0.50�0.71 mm granule, which occurs at 50% of packing 
ratio. And then they reach their minimum at 90% of packing ratio excluding 
0.30�0.50 mm granule. For 0.30~0.50imn granule, a turning point exists at 80% of 
packing ratio. 
b. At 640 Hz, their trend comes in the reverse direction comparing with that at 104 Hz 
as shown in Figure 3.7 for larger granule sizes. For 0.50�0.71 and 1.00-1.40 mm 
granules, they reach their maximum at 90% of packing ratio while for 0 . 7 1 . 0 0 
mm, it is at 75% of packing ratio. For 0.30-0.50 mm granule, its regional maximum 
also has been attained at 90% of packing ratio although its maximum value is at 
50% of packing ratio. 
c. At 1775 Hz, behavior of damping is highly nonlinear. For those two smaller 
granules, a sudden change in damping ratio occurs at 90% of packing ratio. 
Although there exists different variations in their trends, their regional maximum 
frequently is found at higher packing ratio such as 75%, 80%, 100%, except for 
largest granule, one of them is at 60% as shown in Figure 3.8. 
d. At 3380 and 5440 Hz, these two modes of frequencies have similar behavior as 
shown in Figures 3.9�3.10. Damping ratio increases with packing ratio. Their 
regional maximum frequently are found at higher packing ratio such as 80%, 90% 
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100%, excluding for 0.30�0.05 mm at 5440 Hz, its maximum damping ratio is at 
75% of packing ratio. 
At 104 Hz 
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Figure 3.6 Damping ratio varying packing ratio of different granule sizes at 104 Hz 
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At 640 Hz 
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Figure 3.7 Damping ratio varying packing ratio of different granule sizes at 640 Hz 
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Figure 3.8 Damping ratio varying packing ratio of different granule sizes at 1775 Hz 
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At 3380 Hz 
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Figure 3.9 Damping ratio varying packing ratio of different granule sizes at 3380 Hz 
At 5440 Hz 
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Figure 3.10 Damping ratio varying packing ratio of different granule sizes at 5440 Hz 
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3,6 Trends of Damping Ratio against Granule Size 
Four different ranges of granule sizes are represented by their mediums in the 
ranges for plotting. From the trends as shown in Figures 3.11 �3.15，the following points 
can be observed: 
a. At 104 Hz, it does not appear a clear trend at lower packing ratio but the larger 
values of damping ratio are usually associated with fine (0.30�0.50 mm) or small 
(0.50�0.71 mm) particles. At lower frequencies, higher vibration amplitude is able 
to let the small or large particles filled bounce in the holes. Therefore, the effect of 
granule size is insignificant at such condition. Besides, at higher packing ratio, the 
difference between the damping values for different granule sizes are small since 
higher packing ratio does not favor for lower frequency despite changing of granule 
size. 
b. At 604 Hz, small or medium (0.71 �1 .00 mm) particles have a better damping 
performance at the packing ratios larger than 60%. Besides, fine particles still 
perform better at lower packing ratios, 50% and 60%. 
c. At 1775 Hz, there exists a trend that damping ratio decreases with granule size, 
except for desired large granule at 50% and 60% of packing ratio. And then their 
regional maximum are usually found with small granules (0.50-0.71 mm). 
d. At 3380 and 5540 Hz, these two modes of frequencies have similar trends that 
damping ratio is increasing with granule size. Although some turning points are 
appeared in the trend, the large granule size always performs the best among four. 
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Figure 3.11 Damping ratio varying granule size of different packing ratios at 104 Hz 
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Figure 3.12 Damping ratio varying granule size of different packing ratios at 640 Hz 
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Figure 3.13 Damping ratio varying granule size of different packing ratios at 1775 Hz 
At 3380 Hz 
0.06 ( I T 1 F ) 1 1 ‘ ‘ 
+ 5 0 % “ 
-e- 60% • 
• 二 = / 
80% y f 
斗 9 0 % 万 
0.04 令 100% 万 -j 
量：〕 
0.01 ^：：：^^ -^  ^ ^ 
丨―6f  
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 
Granule size (mm) 
Figure 3.14 Damping ratio varying granule size of different packing ratios at 3380 Hz 
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At 5440 Hz 
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Figure 3.15 Damping ratio varying granule size of different packing ratios at 5440 Hz 
3.7 Conclusions 
Particle damping performance exhibits highly nonlinearity with packing ratio and 
granule size at different frequency ranges. Trends of damping performance of lower 
frequency range come in the reverse direction with that of higher frequency range. 
Moreover, it is found that lower packing ratio and smaller granules are favored in lower 
frequency range and vice versa in higher frequency range. So, there is a tradeoff in 
application for different range of frequencies. This study has given a better understanding 
of the effects of system parameters, packing ratio and granule size, on particle damping 
performance. 
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CHAPTER FOUR 
APPLICATION OF PARTICLE DAMPING ON BOND ARM 
Chapter 2 and Chapter 3 have shown the effectiveness of particle damping. This 
chapter will study the application of particle damping on electronics manufacturing 
equipment in semiconductor industries. Bond arm as shown in Figure 4.1 is a main 
component in a die bonding machine. Its overall dimensions are shown in Appendix 1. It is 
light (about 16 g) and stiff. It is a shell structure with 1.5 mm in thickness moving at high 
speed. Residual vibration of the bond arm induced by high acceleration will worsen 
positioning precision in the die bonding machine. For a lightly damped structure, Particle 
damping would be a promising technique for attenuating the residue vibration of the bond 
arm in positioning. With its simplicity in applications, its cost would be kept low. In 
addition, in this work, several system parameters are investigated for better damping 
performance in order to provide an application guideline for particle damping technology in 
semiconductor manufacturing equipment. 
• 
Figure 4.1 Bond arm on die bonding machine 
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4,1 Identification of Structural Vibration 
To solve a structural vibration problem, its resonances need to be identified. One 
way is to analyze its modes of vibration. Resonances are inherent properties of a structure. 
They are determined by the configuration of the structure, the material properties (mass, 
stiffness, and damping properties), and boundary conditions of the structure. A structure 
can be characterized by its natural frequencies, modal damping, and mode shapes. 
Experimental modal analysis is nowadays a standard procedure characterizing the 
dynamic properties of a structure. That is, each mode has a specific natural frequency and 
damping factor, which can be identified from the points measured on the structure. 
Moreover, it has a mode shape, which defines the resonance spatially over the entire 
structure and it can also be obtained by finite element modeling (FEM). By comparing the 
modal parameters predicted by FEM with those parameters identified by actually testing the 
structures, the accuracy of identification can then be verified. 
Figure 4.2 shows how experimental modal analysis and finite element modeling can 
be combined to find structural problem. A set of frequency response data can be processed 
to estimate the modal parameters. In a similar manner, a FEM of a structure can be built to 
go through an eigenvalue extraction that yields the modal parameters of the model. 
Comparison of modal parameters can highlight problems and possible errors in either the 
experiment or FEM based model. With this information, it can go back to correct the 
original FEM model or perhaps even re-measure part of the structure. As it has a consistent 
set of modal data, it can be used to synthesize a dynamic model of the structure. Once the 
dynamic properties of a structure have been characterized, the behaviors of the structure in 
its operating environment can be predicted, controlled, and optimized. 
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Figure 4.2 Combined modal analysis and finite element techniques 
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4,2 Finite Element Modeling 
4.2.1 Model of Bond Arm 
First of all, finite element modeling on the bond arm is performed to obtain its 
vibration characteristics. The 3D model is built in SolidWorks [17]. Then the model will be 
surface meshed through the InCAD utility in Algor [18] before transferring into Superdraw 
III for analysis. Through the solid mesh engine in Superdraw III [19], bricks, wedges, 
pyramids and tetrahedral elements have been generated automatically with minimizing the 
aspect ratio of solid elements as shown in Figure 4.3. Total 47,022 elements and 24,849 
nodes are obtained. The average aspect ratios for bricks, wedges, pyramids and tetrahedral 
elements are 1.4, 1.4，1.1, and 1.1 respectively. Automatic warpage, node angle, and aspect 
ratio checkers have been added to the solid mesher to obtain more regular elements. That is, 
the solid mesher projects several elements in advance to avoid situations where irregular 
elements are the only option. The material properties of the bond arm are shown in Table 
4.1. The rear end of the bond arm is applied the fixed boundary condition as shown the 
triangular spots in Figure 4.3. 
Iz 
Figure 4.3 Bond arm model built in Algor 
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4.2.2 Material Properties 
Table 4.1 Material properties for bond arm [20] 
Magnesium AZ31B-H24�Hard Rolled Sheet  
Modulus of Elasticity (Ex) 45 GPa 
Poisson，s Ratio (N) ^  
Shear Modulus of Elasticity (Gx) 17 GPa  
Mass Density (P) 1770 kg/m^ 
Thermal Coefficient ofExpansion (CQ Q.Q0QQ26/°C 
4.2.3 Modes of Frequencies 
Table 4.2 Comparison of natural frequencies obtained  
Modal test results (frequencies in Hz)  
r • . . J 1 A 1 ‘ FEM % 
Mode No Experiment Modal Analysis Prediction Difference 
Vertical Excitation Horizontal Excitation  
(clamper: A1 beam) (clamper: Steel bar)  
1 454.25 454.5 451.76 一 0.61 
2 - 809.25 861.02 6.01 
3 1961.5 — 1939.3 1960.6 1.09 
4 - - 2053.8 -
5 - 2937.3 — 3192.3 7.99 “ 
6 4550 4763.5 4831.5 4.42 — 
A comparison of natural frequencies is made between the results from finite element 
modeling and experimental modal analysis as shown in Table 4.2. It shows they are 
satisfactorily matched. The differences are within 8%. 
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laser beam. Through differentiating the signal of velocity response, its acceleration 
response is obtained. The signal data is recorded and stored in multichannel FFT analysis 
system (Brtiel & Kjaer 3550). And therefore the transfer function can be obtained from the 
quotient of acceleration response 45 mm from the tip to the force excitation near the fixed 
end in vertical or horizontal direction. There are two locations at 25 mm or 83 mm from the 
center of enclosure to the head of the bond arm, where the enclosure filled with tungsten 
granules is attached, are defined as location 1 and location 2 respectively. Besides, two 
excitations are used in the experiment. One is vertical excitation and the other is horizontal 
excitation as shown in Figure 4.5. Bending modes are dominant in the vertical excitation. In 
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Figure 4.5 Experimental setup of bond arm 
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Through the method of half power points, one can estimate the damping ratios at 
particular modes of frequencies as follows, 
- 2 w „ (4.1) 
where and w � a r e the frequencies at lower and upper half power points and 
is the resonant frequency at such mode of frequency. 
4,4 Design of Particle Enclosure 
Several particle enclosures with two different materials are designed. The actual 
prototypes of blocks for testing are shown in Figure 4.6. The overall dimension is 20x6x6 
mm with 1.0 mm in thickness. One is made of aluminum with a wire-cut machine while the 
other one is made of hard plastics with rapid prototyping. These two types of enclosures 
would be considered in this study. Therefore, the material effect could be compared. 
Moreover, in order to investigate multi-chamber effect, three different structural forms of 
enclosures are made including one-chamber, two-chamber, and four-chamber as shown in 
Figure 4.7. Each enclosure weighs around 0.42 gram. It will be stuck on the head of the 
bond arm with a special wax at location 1，or location 2 in the tests as shown in Figure 4.5. 
Figure 4.6 Actual prototypes of blocks made for testing 
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Material: Aluminum Material: Hard Plastics 




Figure 4.7 Design of particle enclosures 
4.5 System Parametric Study 
4.5.1 Effect of Granule Sizes 
Four different granule sizes, 0.30�0.50，0.50-0.71, 0.71 �1.00，and 1.00�1.40 mm, 
are tested with one-chamber hard plastic enclosure attached at location 1 under vertical 
excitation. The granule size is defined as the sieve diameter. The sieve diameter is the width 
of the minimum square aperture through which the particle will pass as sieving. And then 
the packing ratio for each case is 90%. The damping ratios calculated by Eq. 4.1 are shown 
in Table 4.3. 
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Table 4.3 Effect of granule size on damping ratios (Location 1, one-chamber hard plastics 
enclosure, and 90% of packing ratio)  
Factors Damping Ratio ^ at modes of frequencies  
Length from Tungsten Granule 
Head (cm) Size (mm) 430 Hz 1940 Hz 4550 Hz 
No par t ic les~ 0.0028 0.0011 — 0.0020 
1.00-1.40 0.0754 0.0039 0.0030 
2.5 0.71 〜1.00 0.0711 ~~ 0.0043 0.0033 
0.50 〜0.71 0.0678 0.0038 0.0029 
0.30-0.50 0.0701 — 0.0039 0.0027 
Time history of the bond arm vibration without and with 0.71 �1.00 tungsten 
granules at packing ratio of 90% around 430 is shown in Figure 4.8. The settling time (士 
10%) has been reduced from 0.314 to 0.013 sec with particles and the bond arm becomes 
stable quickly right after the impulse excitation. The particle damping effect is very 
significant on the bond arm. 
It can be seen the granule size of 1.00-1.40 mm shows the best performance among 
four different granules at 430 Hz as shown in Figure 4.9. The peak amplitude of 
accelerance shows a decrease from 2380 to 220 m/Ns^ in Figure 4.10. Its amplitude 
decreases by 10 times with respect to the original one, and then the damping ratio increases 
by 27 times from 0.0028 to 0.0754. At higher frequencies such as 1940 Hz and 4550 Hz, 
the effect of granule size becomes less significant. The values of damping ratio among four 
different granules are very close. 
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Figure 4.8. Time history of bond arm vibration without and with 0.71-1.00 tungsten granule at 
packing ratio of 90% 
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Figure 4.10 Accelerance amplitude of particles with different granule sizes 
for narrow band excitation at 450 Hz 
4.5.2 Effect of Packing Ratios 
The packing ratios of 50%, 75%, and 90% with 0.71-1.00 mm tungsten granules are 
filled in one-chamber hard plastic enclosure placed at location 1 under vertical excitation. 
Packing ratio is defined as the ratio of the amount of granules filled in the enclosure to the 
total amount the enclosure can be filled. The damping ratios calculated by Eq. 4.1 are 
shown in Table 4.4. 
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Table 4.4 Effect of packing ratios (Location 1，0.71�1.00 mm tungsten granule, and one-
chamber hard plastics enclosure)  
Factors Damping Ratio ^ at modes of frequencies  
Length from 
Head (cm) Packing Ratios 430 Hz 1940 Hz 4550 Hz 
No particles 0.0028 0.0011 Q.Q02Q 
^ 0.0320 — 0.0028 0.0026 
2.5 ^ 0.0483 0.0039 0.0027 
^ 0.0711 0.0043 0.0033 
Packing ratio plays a great role in the damping performance of the bond arm, 
especially for the mode at 430 Hz as shown in Figure 4.11. At packing ratio of 90%, the 
damping ratio has the largest value and it has the best damping performance. There is a 
significant difference in damping ratio between those three packing ratios at 430 Hz. The 
damping of packing ratio of 90% is 2 times more than that of 50%. 
As the packing ratio increases, the mass of particles filled increases too. In order to 
verify the mass effect, an experiment is performed by attaching a mass block, which weight 
is the same as the enclosure filled with tungsten granules. The mass is equal to 2.46 gram in 
this case. At 430 Hz, the accelerance amplitude just reduces by 44% with the mass effect as 
shown in Figure 4.12. Comparing with the particle damping effect 97% of reduction in 
accelerance, the mass effect is not significant. 
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4.5.3 Effect of Different Materials of Particle Enclosure 
In the study of Hollkamp and Gordon [1], the particle type effect has been 
investigated. In this chapter, the enclosure type is considered. The damping ratios obtained 
are shown in Tables 4.5�4.6. 
Table 4.5 Effect of materials of particle enclosure under vertical excitation (Location 1, 
0.71 �1.00 mm tungsten granule, and 90% of packing ratio)  
Factors Damping Ratio ( at modes of frequencies  
"Materials 丨 No of chamber厂 430 Hz 1940 Hz 4550 Hz 
Plastics 1 0.0711 0.0043 0.0033 一 
"ATuminum 1 0.0745 0.0043 0.0060 
Table 4.6 Effect of materials of particle enclosure under horizontal excitation (Location 1, 
0.30�0.50 mm tungsten granule, and 90% of packing ratio)  
Factors Damping Ratio ( at modes of frequencies  
I No of p 
Materials chambers 410 Hz 780 Hz 1924 Hz 2770 Hz 4620 Hz 
"Tlastics 4 0.0487 0.0099 0.0052 0.0029 Q.QQ63~ 
"Ahmiinum 4 0.0704 0.0166 0.0067 0.0045 0.0073 “ 
In both excitation directions, as the enclosures filled with 90% of 0.71 �1.00 mm or 
0.30�0.50 mm tungsten granules at location 1，the aluminum ones exhibit a better damping 
performance than the hard plastics ones as shown in Figures 4.6 and 4.7. By comparing 
their values of modulus of elasticity, it has relatively large value for aluminum, which is 
stiffer than hard plastics. The modulus of elasticity for aluminum (6061-T6) is 69 GPa and 
that for hard plastics (ABS, molded) is 1.79�3.2 GPa. Since aluminum is stiffer than hard 
plastics, the collision between particles and the enclosure would be more vigorous for 
aluminum type of enclosure. Therefore, it would dissipate more vibration energy and let the 
vibration die out more quickly. 
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Figure 4.13 Effect of materials of one-chamber enclosure 
(Location 1，0.71-1.00 mm tungsten granule, and 90% of packing ratio) 
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Figure 4.14 Effect of materials of four-chamber enclosure 
(Location 1，0.30�0.50 mm tungsten granule, and 90% of packing ratio) 
-51 -
4.5.4 Effect of Structural Form of Enclosure 
Three types of hard plastics enclosures are investigated in the experiment. As shown 
in Figures 4.6 and 4.7，they are the enclosures with one chamber, two chambers, and four 
chambers. All chambers will be filled 90% of 0.71�1.00 mm tungsten granules at location 1 
under vertical excitation. The damping ratios obtained are shown in Table 4.7. 
Table 4.7 Effect of number of chambers in plastics enclosure (Location 1 and 90% of 
packing ratio)  
Factors Damping Ratio C at modes of frequencies  
Number of Tungsten Granule 
Chambers Size (mm) 430 Hz 1940 Hz 4550 Hz 
1 — 0.71 �1 .00 — 0.0711 0.0043 0.0033 
2 0.71 �1.00 — 0.0846 0.0049 0.0042 
4 0.71 �1.00 0.0673 0.0045 0.0027 “ 
The two-chamber one has the best damping performance among three types of 
enclosures as shown in Figure 4.15. The ratio of granule size to the length of chamber is 
about 1 to 4, 1 to 10，and 1 to 20 for one-, two-, and four-chamber cases, respectively. The 
experiment results show the ratio of 1 to 10 is the best in providing damping. The reason is 
if the space in enclosure is too large, it cannot ensure all particles actively participate in 
motion since particles will come together like a slug mass moving in the chamber. The 
particles in the center are less active in motion. On the other hand, if the space in enclosure 
is too small, the particles in lower part are blocked and unable to move, which results in a 
smaller momentum transfer through the internal friction. 
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Figure 4.15 Effect of different types of hard plastics enclosure 
(Location 1 and 90% of packing ratio) 
4.5.5 Effect of Number of Chambers Filled 
For the enclosure with four chambers at location 1，two, three, and four (i.e. all) 
chambers of them filled with 90% of 0.71 �1.00 mm tungsten granules are investigated 
experimentally. The damping ratios acquired are shown in Table 4.8. 
Table 4.8 Effect of number of plastics chambers filled (Location 1, 0.71�1.00 mm tungsten 
granule, four-chamber hard plastics enclosure, and 90% of packing ratio)  
Factors Damping Ratio ( at modes of frequencies  
Length No of 
from Head Chambers 410 Hz 780 Hz 1924 Hz 2770 Hz 4620 Hz 
(cm) Filled  
2 0.0360 0.0083 —0.0044 ~Q.Q029 0.0050 
2.5 3 0.0624 — 0.0142 0.0055 0.0035 —0.0053  
4 0.0866 00164 0.0067 0.0048 0.0050 
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Under horizontal excitation, the torsional modes of vibrations at 780 Hz and 2770 
Hz have been suppressed effectively. As shown in Figure 4.16, the damping ratio has been 
increased from 0.0003 to 0.0164 and from 0.0007 to 0.0048 for 780 Hz and 2770 Hz 
respectively as all chambers of the enclosure are filled compared to the case without 
particles. And then it can be found that the enclosure with four chambers has the best 
performance than others. As the frequency increases, the effect of amount of particles filled 
becomes less significant. There is little difference in damping ratio values between different 
numbers of chambers filled for the modes higher than 780 Hz. However, at lower 
frequencies such as 410 Hz, the larger amount the particles, the larger damping ratio. 
0.1 - T — — ~ 
0 0.08 
•运 \ - e - Without particles 
: 0 . 0 6 ^ ^ + 2 chambers filled 
•q. q 04 \\ -B -S chambers filled 
1 \ 4 chambers filled 
。 一 , „ r 
0 -I——o I o I 。 I g 丨 尸 — — 
410 780 1924 2770 4620 
Hz 
Figure 4.16 Effect of number of chambers filled 
(Location 1，0.71-1.00 mm tungsten granule, four-chamber hard plastics enclosure, and 90% of 
packing ratio) 
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4.5.6 Effect of Different Locations of Particle Enclosure 
Large energy dissipation by collision and friction could be achieved when the 
enclosures are located at the position of the highest modal amplitude for the modes of 
frequencies as shown in Figure 4.4. A one-chamber enclosure filled with 90% of 0.71 �1.00 
mm tungsten granules at different locations are tested under vertical excitation. The 
damping ratios acquired are shown in Table 4.9. 
Table 4.9 Effect of location of particle enclosure (One-chamber hard plastics enclosure and 
90% of packing ratio)  
Factors Damping Ratio C at modes of frequencies  
Length from Tungsten Granule 
Head (cm) Size (mm) 430 Hz 1940 Hz 4550 Hz 
2.5 0.71 �1.00 — 0.0711 0.0043 0.0033 
8.3 0.71 �1.00 0.0274 0.0062 0.0025 — 
As shown in Figure 4.17, at 430 Hz, the enclosure at location 1 has a larger damping 
ratio value than that at location 2. It is because location 1 is close to the highest modal 
amplitude at 430 Hz (the bending mode) and therefore it causes more vibration energy 
dissipation. For same reason, the damping performance is better for the enclosure at 
location 2 at 1940 Hz (the bending mode). Therefore, the allocation of particle enclosure 
should consider the modal amplitude of the applied structure so as to achieve the maximum 
damping. 
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Figure 4.17 Effect of location of particle enclosure 
(One-chamber hard plastics enclosure and 90% of packing ratio) 
4,6 Conclusions 
This study shows that particle damping technology is significant for suppressing the 
vibration of the bond arm. It provides a cost effective way to solve the vibration problem of 
a mechanical part on die bonding machine in semiconductor industries, therefore higher 
bonding precision can be achieved. In addition to prove the feasibility of particle damping 
technology on the bond arm, the effects of system parameters on damping performance are 
also investigated, such as granule size, packing ratio, material property, structural form, 
amount of particles filled, and allocation of particles. In this study it provides a useful 
application guideline for particle damping technology in semiconductor manufacturing 
equipment. 
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CHAPTER FIVE 
TEST AND ANALYSIS OF BOND HEAD STAND WITH 
PARTICLE DAMPING 
In Chapter 4，it has been shown that the effectiveness of particle damping on a light 
and shell structure, bond arm. In this Chapter, a heavy (around 40 kg) cast iron structure, 
bond head stand, will be tested with particle damping. Its overall dimensions are shown in 
Appendix 2. The stand on a wire bonder holds bond head and many accessories in wire 
bonding. Now, the wire bonder (ASM AB559) can bond 3~5 wires/sec in actual bonding 
process. If the bonding speed is to be increased, vibration induced by high speed of motion 
stage in x- or y-direction will worsen precision positioning as shown in Figure 5.1. In order 
to solve the vibration problem, particle damping is studied on the bond head stand. 
Figure 5.1 Motion stage and bond head stand on site 
-57 -
Test and Analysis of Bond Head Stand with Particle DamriLn^ 
5,1 Ways of Implementation 
Holes drilled on the bond head stand are shown in Figure 5.2. Since the diameter of 
the hole cannot be too large that will vary the stiffness of structure, the holes with diameter 
5 mm are drilled on the bond head stand in the vertical direction. From the beam 
experiments in Chapter 3, it has found that there is a tradeoff with the use of four different 
sizes of tungsten for different ranges of frequency. Lower packing ratio and smaller 
granules are favored in lower frequency range and vice versa in higher frequency range. 
For the lower frequencies of the heavy bond head stand comparatively more concerned 
with, the tungsten granule size of 0.50�0.71 mm is adopted. The ratio of granule size to 
hole diameter is around 1 to 10. And then lower packing ratio, 60% and higher packing 
ratios, 95% or 100%, will be tested. 
�E ^ 
UF 
Figure 5.2 Holes drilled on bond head stand 
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5.1.1 Factor of Mode Shape 
By considering the first three mode shapes of the bond head stand as shown In 
Figure 5.3, the points of highest modal amplitude for modes response are located in the 
head of stand. So, if the holes drilled were distributed in the area of higher amplitudes, it 
would result in a larger exchange of momentum between the structure and particles and a 
better performance of particle damping. The number of holes drilled and depth of the holes 
depends on the structure of the stand without significantly varying the stiffness of structure. 
Mode 1: 228.86 Hz Mode 2: 309.15 Hz Mode 3: 417.47 Hz 
Figure 5.3 First three mode shapes of bond head stand (bottom area fixed) 
5.1.2 Stress Concentration Analysis 
From the stress distribution contours, holes drilled in bond head stand will not affect 
the overall mechanical strength much. From the stress distribution contours at the back of 
stand, the values of maximum stresses are 4.559E+05 and 4.637E+5 for stand without and 
with holes respectively as shown in Figure 5.5. The increment percentage is just 1.71 %. 
And then from the stress distribution contours on the top of stand, there are some stress 
concentration appears near the drilled wholes. The maximum stresses are 8.144E+05 and 
1.219E+6 for stand without and with holes respectively as shown in Figure 5.4. Although 
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the increment percentage is about 50%, it is far below the maximum stress of the whole 
structure. The maximum stress of the whole structure appears at the joint region between 
the beam part and stand part of the bond head stand, the values of maximum stresses are 
2.158E+6 and 2.275E+6 for stand without and with holes respectively. 
van MisE5 | von Klises 
•
mm li^^Bi 
- <3? jTjJaHHHHHHI "m i-ilMl^^^M^W^H 
Von Mises stress contours of stand without holes Von Mises stress contours of stand with holes 
Figure 5.4 Stress distribution on the top of bond, head stand with and without holes 
MM 
Von Mises stress contours of stand without holes Von Mises stress contours of stand with holes 
Figure 5.5 Stress distribution at the back of bond head stand with and without holes 
5.2 Experimental Setup 
A hammer impact testing setup on the bond head stand is shown in Figure 5.6. The 
base of the stand is fixed on the slot of a miller machine with using C-ciamps. A specially 
instrumented hammer is used to impact the stand at point A (y-direction excitation) and 
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point B (x-direction excitation). In the experiment, two excitation forces will be studied. 
The accelerometer roves to all measuring points in x-, y- and z-direction as shown and 
labeled in Figure 5.7. Frequency response functions for different points are obtained with 
multi-channel analysis system. By comparing the amplitudes of frequency response 
functions with and without particles, the damping performance for each mode of frequency 
can be estimated. 
二一h i, �.：• I ^ CZ^y 
I AnQtUwimuitui „ , 
^ J_—^ Stud 
I ——一一一 r hiar^Ki*^  A W i i | 
I 1 1 fts … � ^ 
I—'-™ *mt 多h •藝書 I " ^ ' i 丨 I ！. Mi.lti-fhannd FIT ».nal>arr j^j^ l ^： ' . i f 
O O O O V - - V' , Baic I 
T T M- p 1 I r I 
^ I ] f ^C-cfarop i 
Figure 5.6 Bond head stand experimental setup 
~ ~ f] z ^ ^ ^ ^ ^ ^ 
Measuring points in x-, y-, and z-direction in Measuring points in x-direction at back of stand 
front of stand and excitation points A and B 
Figure 5.7 Measuring points and excitation points 
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5,3 Bond Head Stand with Small Force Excitation 
Under around 100 N force excitation by hammer (Brliel & Kjaer 8202), the 
displacement vibration amplitude at the tip of stand is about 4 � 1 0 /xm. Most of higher 
natural modes of frequencies have been initiated under such excitation. The overlay of 
frequency response functions is shown in Figure 5.8. The modes of frequencies can be 
divided into two regions. Lower region of frequencies includes 136, 248, 344，and 504 Hz 
modes of frequencies. And upper region is the modes of frequencies, which are greater than 
900 Hz. 
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Figure 5.8 Overlay of frequency response functions at x-，y-, and z-direction measuring points under 
pulse excitation at point A or B 
5.5.1 Measurement Data 
a. Under v-direction pulse excitation at point A 
The amplitudes of frequency response functions at different measurement points and 
their corresponding frequencies under y-direction pulse excitation at point A are shown in 
Tables 5.1-5.3. Resonance peak values in frequency domain for several main frequencies 
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are shown in the tables respectively for comparison of accelerance amplitudes with 
(0.50�0.70 mm tungsten granule and 95% of packing ratio) and without particles. 
Table 5.1 Comparison of accelerance amplitudes with and without |)articles at points in x-
direction under y-direction pulse excitation at point A (Unit: m/Ns" ) 
� \ Frequency 
136 248 344 504 1224 1552 2240 2648 3504 4808 
Measuring Point - � 
I No NOPD (dB) -9.厂-15.4 一 21.5 -16.5 -4.0 " ^ I T " 5.0 11.4 1 7 ~ 22.5 
XI With NOPD (dB) - 6 . ~ -16.7 -28.1 -21.4 -12.3 "-25.7 - 1 3 . � 3 . 5 6.1 11.4  
Loss in dB -2.4 1.3 6.6— 4.9 ~ ~ 8 J ~ 13.3 18.5 7.9 11.8 ""TIT" 
No NOPD (dB) -8.4 _ -17.3 -20.1 -17.3 -15.2 -4.5 21.9 21.4 26.0 24.8 
X2 With NOPD (dB) -5.9 _ -19.2 -27.0 "-23.1 -12.5" 3.2 6 . ~ 23.2 10.3 
Loss in dB -2.5 “ 1.9 lT~ 9.7 7.9 8.0 18.7 15.1 2.8 14.5 
No NOPD (dB) -4.1 “ -12.9 ~ 9 . 1 -17.7 -3.3 -4.2 “ 17.5 ~ l 2 2 ~ 12.8 5.3 
X3 With NOPD (dB) -3.7— -12.3 ~2Q.3 -24.8 -6.8 2.8 10.9 3.9 -0.3 
Loss in dB -0.4 “ -0.6 1.2 7.1 3.5 3.5 “ 14.7 "1T3~ 8.9 5.6 
No NOPD (dB) -11.3~ -11.3 -23.7 -16.7 _ -6.0 - 2 ~ 20.0 19.8 17.4 14.9 
X 4 With NOPD (dB) - I Q . t " -10.5 ~24.7 -24.9 -2.7 -7.2 4.2 “ 12.1 5.6 6.2 
Loss in dB -0.6 -0.8 1.0 8.2 -3.3 4.8 15.8 7.7 11.8 8.7~ 
° ' ~ ~ o N O P D (dB) ~ ^ -5.7 -5.4 -17.4= -8.7 0.5 -9.3 . 15.0 19.4 “ 16.6 
X9 With NOPD (dB) -4.8— -6.2 -21.3 -5.7 “ -13.4 -1.7 6.0 8.8 1.8 
Loss in dB -0.9 “ 0.8 3.9 -3.0 一 13.9 4.8 16.7 11.9 10.6 14.8 
No NOPD (dB) -73 “ -29.3 -19.4 -27.8 一-18.7 - “ 1.7 1 4 ~ 27.1 23.2 
XIO With NOPD (dB) -6.5— -32.1 ~21.7 -30.9 “ -23.3 - 一 -3.5 6.2 7.5 11.8 
Loss in dB -0.8 _ 2.8 3.1 _ 4.6 - 5.2 19.6 11.4 
No NOPD (dB) -10.2" -8.9 -26T" -8.8 _ 1.6 -8.6 “ 14.0 19.0 17.9 13.1 
XII With NOPD (dB) -8.8— -9.7 -27.3 -7.7 -8.8 -0.3 8.7 5.9 7.1 
Loss in dB -1.4 0.8 0.5 -1.1 10.4 7.2 14.3 10.3 12.0 6.0 
Table 5.2 Comparison of accelerance amplitudes with and without particles at points in y-
direction under y-direction pulse excitation at point A (Unit: m/Ns" ) 
^ F r e q u e n c y 
136 248 504 1224 1552 1952 2240 2648 3504 4608 
Measuring Point ^  
No NOPD (dB) 0.9 “ -14.9 -8.1 一 6.0 "l4.7 26.0 11.1 一 11.6 19.9" 
Y2 With NOPD (dB) -0.3 -14.4 -12 . " -5.3 10.5 6,0 一 -1.7 一 11.1 5.7 “ 
Loss in dB 2.7— 1.2 -0.5 4.0 11.3 4.2一 20.0 12.8 0.5 一 12.2 
No NOPD (dB) -l.Q~ -1.8 ~-12.8 3.6 -3.9 10.8 16.5 16.6 ~l l .7 15.4 
Y3 With NOPD (dB) -4.1 "-13.1 -9.8— -11.9 —4.2 -8.5 6.2 3.6 9.1 
Loss in dB 3.0 ~ 2.3 一0.3 13.4 8.0 6.6一 25.0 一 10.4 8.1 “ 6.3 
No NOPD (dB) -6.1 ~-14.2 6.6~ 2.3 -1.2 1.1 17.5 13.4 15.8 
Y4 With NOPD (dB) -3.5— -8.0 -6.1 -8.8 -7.9 -1.9 —8.3 9.1 “ 9.7 
Loss in dB 1.3 — 0.4 12.7 11.1 6.7 3.0 9.2 一4.3 6.1 
No NOPD (dB) -0.1 -13.7 8.4 -3.5 5.9 - 17.9 18.1 “ 7.3 
Y5 With NOPD (dB) -3.厂-13.3 ~-18.9 -4.5— -11.2 4.0 - — 9.4 12.1 -2.9 
rLoss in dB 3.0 -0.4 2.5 12.9 7.7 1.9 - 8.5 6.0 10.2 
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Table 5.2 (cont^) 
No NOPD (dB) -0.6 -15.1 - 丨 8.9 丨-10.3 8.5 - 13.9 13.7 10.3 
Y6 With NOPD (dB) -2.8一 -13.2 一 - -4.0 “ -12.7 " I X " - 5.0 2.5 4.9 
Loss in dB 2.2 -1.9 - — 12.9 2.4 3.9 - 8.9 11.2 5.4 
No NOPD(d]^ 0.8 -7.1 -9.7— 9.9 -0.7 15.7 19.3 18.8 21.8 12.5 
Yll With NOPD (dB)~ -1.7 -5.9 -6.2— -2.4 -6T~ 10.1 4.6 7.8 8.7 3.1 
Loss in dB 0.9 -1.2 - 3 ~ 12.3 5.4 5.6 14.7 11.0 13.1 9.4 
No NOPD (dB) 1.9 _ -0.8 8.9 “ 1.5 25.7 24.9 25.4 13.7 21.2 
Y12 With NOPD (dB) -0.8— -1.6 -1.0 -0.2 “ -1.1 ~19J~ 11.1 15.5 5.8 12.5 
I r ^ i n d B 2.7 0.8 -1.5 9.1 2.6 6.0 13.8 9.9 7.9 8.7 
Table 5.3 Comparison of accelerance amplitudes with and without |)articles at points in z-
direction under y-direction pulse excitation at point A (Unit: m/Ns" ) 
^ Frequency 
^ " - ^ • • ^ H z ) 136 248 504 1128 1552 1952 2240 2648 3504 4608 
Measuring Point  
No NOPD (dg) -13.1 " T F " 11.5 " 11.8 9.0 30.0 20.3 30.7 19.2 
Z1 With NOPD ("dBT" -3.1 “ -9.9 5.9 6.2 -3.2 2.6 “ 11.7 3.3 24.2 10.5 
Loss in dB -3.5 -3.2 -3.0— 5.3 6.4 18.3 17.0 6.5 8.7 
No NOPD (dB) -3.6 -15.5 4.8 10.5 16.9 5.0 32.1 16.5 30.4 18.3 
Z2 With NOPD ("dBT" -1.4 “ -19.0 3.4 1.0 ~-0.2 0.3 “ 11.4 0.6 23.8 14.9 
Loss in dB -2.2 3.5 1.4 9.5 17.1 4.7 20.7 15.9 6.6 3.4 
No NOPD (dB) -0.9— -6.5 11.3 8.4 “ 17.4 18.3 22.0 23.5 16.8 25.0 
Z3 With NOPD (dB) 0.2— -10.2 —11.8 0.6 “ 1.0 9 . ~ -3.5 6.8 7.3 4.4 
Loss in dB -1.1 3.7 -0.5— 7.8 16.4 8.6 25.5 16.7 9.5 20.6 
No NOPD (dB) -2.3— -8.4 —8.0 5.7 ‘ 6.2 6.1 28.6 -6.2 26.1 24.7 
Z4 With NOPD (dB) -2.1— -11.2 ~8.1 -6.1 • -4.5 l.9~ 2.2 1.7 17.0 7.6 
Loss in dB -0.2 " T s " -0.1 0.4 10.7~ 4.2 26.4 -7.9 9.1 17.1 
No NOPD (dB) -3.2 -9.6 3.4 6.1 16.6 4.7 27.7 16.6 14.6 15.3 
Z5 With NOPD (dB) -13.9 4.0 -8.6— 0.3 5.9 -0.1 1.5 -2.3 6.8 
Loss in dB ~ ~ ~ o T ~ 4.3 " ^ O ^ 14.7 ~16.3 -1.2 “ 27.8 15.1 16.9 8.5 
No NOPD(dBl -5.2 -14.3 -5.2 2.2 " T I ^ -8.8 14.5 8.4 25.4 24.8 
Z6 With NOPD (dB) -5.8 -18.5 _-4.9 -1.8 -3.4 -1.3 -10.3 1.6 16.0 2.6 
_ _ Loss in dB 0.6 4.2 -0.3 ~ 4.0 16.9 -7.5 24.8 6.8 9.4 22.2 
—"""No NOPD (dB) -6.7— -18.1 ~14.6 4.2 4.7 6.9 12.6 9.8 18.0 14.0 
Z7 With NOPD (dB) -8.厂-21.2 ~18.2 -1.2 -10.0 -3•厂-4.8 4.2 12.7 7.4 
Loss in dB 1.4 “ 3.1 3.6 5.4 14.7 10.8 “ 17.4 5.6 5.3 6.6 
No NOPD (dB) -9.0 “ -22.7 7.4 ~-12.1 5.2 8.7 13.0 14.3 10.7 
Z8 With NOPD (dB) -12.8 _ -23.7 3.4 -15.0 0.3 -4.5 0.9 2.7 3.5 
Loss in dB 3.8 “ 1.0 1.0 4.0 2.9 4.9 13.2 12.1 11.6 7.2 
No NOPD (dB) -13.9 -15.3 ~16.4 9.5 -0.2 0.2 9.1 14.8 23.3 17.6 
Z9 With NOPD (dB) -16.8" -16.4 5.9 -9.1 -3.8 -2.6 9.1 4.0 15.2 
Loss in dB 2.9 1.1 7.1 3.6 8.9 4.0 11.7 5.7 19.3 2.4 
No NOPD (dB) -19.8一 -14.2 -16.0 23.4 0.9 9.6 33.5 31.7 16.1 27.8 
ZIO With NOPD (dB) -15.1— -14.6 ~18.6 15.2 -5.6 17.8 21.2 9.7 23.3 
Loss in dB -4.7— 0.4 8.2 6.5 5.6— 15.7 10.5 6.4 4.5 
No NOPD (dB) -IQ.'s" -18.7 -13.6 8.6 4.8 —7.2 34.9 一 33.8 28.5 30.4 
Zll With NOPD (dB) -16.1 -14.0 6.1 _ -4.1 4.6 20.1 “ 22.2 12.2 
Loss in dB 1.2 ~ -2.6 一0.4 2.5 8.9 2.6一 14.8 11.6 16.3 6.0 
No NOPD (dB) - 5 . ~ -16.7 -13.3 4.6 -2.7 ~-2.8 13.2 ~ 21.6 16.6 19.5 
Z12 With NOPD (dB) -8.0— -16.0 ~16.2 2.3 -10.3 -7.7一 2.2 —12.9 5.1 14.6 
IToss in dB 2.7 -0.7 2.9 2.3 7.6 4.9 11.0 8.7 11.5 4.9 一 
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Table 5.3 (cont，） 
No NOPD (dB) -7.8 -23.6 -14.9 4.7 -13.2 4.2 3.4 14.2 8.8 8.5 
Z13 With NOPDCdBT" -10.4 • -21.5 -16.5 1.4 - l " ^ 0.8 _-7.8 4.4 2.9 -8.4 
Loss in dB 2.6 -2.1 1.6— 3.3 3.3 3.4 11.2 9.8 5.9 16.9 
No NOPD (dB) -11.7" -18.4 —-12.4 “ 5.1 6.2 8.8 12.7 16.8 17.6 13.3 
Z14 With NOPD (dB) -12.2' -15.8 一-13.3 0.0 “ -9.2 -3.9 6.6 11.2 5.5 
Loss in dB 0.5 -2.6 0.9— 5.1 15.4 9.4 16.6 10.2 6.4 7.8 
No NOPD (dB) -12.5~ -12.6 7.1 13.4 0.7 15.7 18.9 25.2 23.8 
Z15 With NOPD (dB) -11.2~ -12.9 -3.1 1.2 -2.9 -7.4 _ -2.0 5.1 16.4 4.7 
Loss in dB -1.3 0.3 -0.8 5.9 16.3 8.1 17.7 13.8 8.8 19.1 
No NOPD (dB) -10.4" -8.4 3.7 8.3 “ 15.6 2.8 28.2 17.6 17.3 12.8 
Z16 With NOPD ("dBT" -9.7 “ -9.6 " I T " 1.8 “ 0.0 4.4 3.8 -3.7 9.7 6.6 
Loss in dB -0.7 1.2 -0.5 6.5 15.6 -1.6 24.4 21.3 7.6 6.2 
No NOPD (dB)~~ -8.8 -4.9 9.1 9.1 -10.7 3.6 29.1 - 26.6 25.4 
Z17 With NOPD (dB) -8.0 ~ -6.9 ~ 9 J ~ -3.2 “ -6.9 -0.1 6.0 - 17.8 7.1 
Loss in dB -0.8 2.0 0.0— 12.3 -3.8 3.7 23.1 - 8.8 18.3 
No NOPD (dB) -4.0 " T I T " 9.7 18.3 18.2 20.4 10.7 27.3 25.4 
Z18 With NOPD ("dBT" -6.1 “ -4.8 " H T " -4.2 -0.3 8.5 “ -3.8 2.5 7.0 0.5 
Loss in dB -1.2 0.8 -0.8 | 13.9 18.6 9.7 24.2 8.2 20.3 24.9 
b. Under x-direction pulse excitation at point B 
The amplitudes of frequency response functions at different measurement points and 
their corresponding frequencies under x-direction pulse excitation at point B are shown in 
Tables 5.4�5.6. Resonance peak values in frequency domain for several main frequencies 
are shown in the tables respectively for comparison of accelerance amplitudes with 
(0.50�0.70 mm tungsten granule and 95% of packing ratio) and without particles. 
Table 5.4 Comparison of accelerance amplitudes with and without |)articles at points in x-
direction under x-direction pulse excitation at point B (Unit: m/Ns" ) 
^ Frequency 
136 248 344 504 1224 1712 2240 2648 3592 4816 
Measuring Point ^ ^  
No NOPD (dB) -7.5一 -2.2 _2 .0 -11.2 -8.2 5.5 19.3 14.9 28.0 
XI With NOPD (dB) -9.8 -5.4 4.8 -8.7 -12.2 1.7— -0.8 15.0 7.1 11.9 
Loss in dB 2.3 3.2 -2.8 -2.5 4.0 6.2— 6.3 4.3 7.8 16.1 
No NOPD (dB) -7.9_ -4.9 4.1 -8.8 - 7.7 10.1 18.6 14.1 25.2 
X2 With NOPD (dB) -8.8— -8.9 3.1 -11.9 - -0.6 10.5 18.5 5.4 18.4 
Loss in dB 0.9 “ 4.0 ~ T o 3.1 - 8.3 -0.4 0.1 8.7 6.8 
No NOPD (dB) -7.3~ 1.2 1.9 -11.2 -0.1 10.0 19.6 17.8 12.8 21.2 
X3 With NOPD (dB) -6.5~ -1.9 — 3.9 -3.7— -8.3 4.4 5.1 11.4 8.7 6.7 
Loss in dB -0.8~ 3.1 -7.5 8.2 5.6 14.5 ~ 6.4 4.1 14.5 
No NOPD (dB) -7.1~ 2.8 一1.5 -14.1 1.6 8.8 21.2 20.4 11.8 19.9  
X4 With NOPD(dB) -12.T" -0.6 3.9 -8.2— -3.6 3.3 6.0 13.1 11.0 8.4 
Loss in dB 5.0 3.4 -2.4 -5.9 5.2 5.5 15.2 7.3 0.8 11.5 
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Table 5.4 (cont，） 
No NOPD (dB) -7.9 7.2 2.9 -3.2 -7.6 -4.6 14.1 15.2 9.9 20.6 
X9 With NOPD (dB) -7.8 ~ 4.6 3 厂 1.9 "-13.5 -16.0 0.0 12.3 10.9 
Loss in dB -0.1 _ 1.6 -1.0 -5.1 “ 5.9 11.4 14.1 ~TL7~ -2.4 9.7 
No NOPD (dB) -7.7— - 3.2 - -9.2 l o T " 8.3 17.5 18.0 28.3 
XIO With NOPD (dB) -8.2~ - ~4.5 - -8.1 ~~62~ -8.4 12.9 11.4 19.0 
Loss in dB 0.5 - -1.3 - -1.1 4.0 16.7 4.6 6.6 9.3 
No NOPD (dB) -7.6" 6.7 2.9 -3.5 -3.7 0.1 14.3 13.4 11.2 17.7 
Xll With NOPD (dB) -10.0 2.6 4.5 -0.4 -7.7 -5.3 0.5 -3.2 0.8 12.8 
I T ^ s in dB 2.4 4.1 -1.6 -3.1 4.0 5.4 13.8 16.6 10.4 4.9 
Table 5.5 Comparison of accelerance amplitudes with and without particles at points in y-
direction under x-direction pulse excitation at point B (Unit: m/Ns"^)  
^ F r e q u e n c y 
^ ^ - - ^ ^ T H z ) 136 248 504 1224 1552 2240 2648 3168 3592 4640 
Measuring P o i n t ^ ^ " ^ ^ 4816 
No NOPD ( ^ ) -10.6" 14.3 -6.1 1.5 “ 11.9 27.9 _ 15.9 18.6 3.5 24.6 
Y2 With NOPD (dB) -9.8 11.5 ~13.4 -8.0 “ 0.0 15.3 8.2 13.5 -0.1 17.2 
Loss in dB -0.8 “ 2.8 " T T " 9.5 11.9 12.6 7.7 5.1 3.6 7.4 
No NOPD (dB) -10.1 - 11.1 -6.3 -1.8 5.5 20.0 “ 13.5 8.9 -1.3 20.4 
Y3 With NOPD (dB) -8.Q~ 8.3 ~13.2 -9.2 -3.2 2.4 0.7 7.4 0.7 13.5 
Loss in dB -2.1 2.8 6.9 7.4 8.7 17.6 12.8 1.5 -2.0 6.9 
No NOPD (dB) -9.2 “ 6.7 -9.2 1.1 9.8 12.0 10.5 10.1 7.9 21.4 
Y4 With NOPD (dB) -6.5~ 4.1 ~13.0 -3.6 • -10.7 - 6 . ~ -0.2 6.2 -0.3 11.0 
Loss in dB -2.7 2.6 3.8 4.7 I K T ' 18.9 10.7 3.9 8.2 10.4 
No NOPD (dB) -7.1— -2.6 _17.1 3.2 1.2 7.5 7.6 6.0 6.1 6.8 
Y5 With NOPD (dB) -5.5 “ -5.2 -1.7 -8.8 3.6 2.2 3.3 0.0 2.1 
Loss in dB -1.6 “ 2.6 " T T " 4.9 10.0 3.9 “ 5.4 2.7 6.1 4.7 
No NOPD ( d B ) ~ -7.1 “ -5.2 -18.5 3.6 3.2 2.8 “ 6.4 9.3 12.4 10.7 
Y6 With NOPD (dB) - 5 . ~ -7.7 -11.2 -1.4— -7.6 -4.6 1.7 0.5 10.5 5.9 
Loss in dB -1.7 2.5 -7.3 ~ 5.0 ~108~ 7.4 4.7 8.8 1.9 4.8 
No NOPD ( d B ) ~ -5.7 7.0 -3.6 4.3 7.9 20.9 11.9 21.7 17.6 20.3 
Yll With NOPD (dB) -3.9 “ 4.2 " T F " -2.5 -7.1 3.1 “ 4.3 12.2 13.8 11.9 
Loss in dB -1.8 2.8 -4.9 6.8 " I s F " 17.8 7.6 9.5 3.8 8.4 
No NOPD (dB) -4.9 12.6 " T T " 3.7 3.6 25.7 19.2 7.2 15.6 33.2* 
Y12 With NOPD (dB) -3.3— 9.2 -4.4 -5.7 7.8 9.7 3.8 9.3 23.5* 
iLoss in dB -1.6 3.4 -3.8 8.1 9.3 17.9 9.5 3.4 6.3 9.T 
Table 5.6 Comparison of accelerance amplitudes with and without |)articles at points in z-
direction under x-direction pulse excitation at point B (Unit: m/Ns" ) 
^ F r e q u e n c y 
^ ^ ^ ^ ( ^ H z ) 136 248 344 504 912 1152 1552 2400 3592 4640 
Measuring P o i n ^ ^ - ^ 3728* 4824* 
No NOPD (dB) -3.7 _ 2.0 " T I T " 8.3 - H 9 23.0 30.8 26.0 2 8 j _ 
Z1 With NOPD (dB) -7.2 1.9 "~T6.Q 13.2 “ - 8.7一 7.4 ~22.Q 15.7 “ 17.5 
Loss in dB 3.5 0.1 - O ^ -4.9 - 15.2~ 15.6 8.8 10.3 11.3 
No NOPD (dB) -4.3— -1.8 15.4 9.6 ~ - 22.8 27.5 “ 28.2 27.8 26.0 
Z2 With NOPD (dB) -4.5 -4.8 1 6 ^ " 10.4 “ - 8.8 1.7 21.7 15.9 “ 20A_ 
Loss in dB 0.2 3.0 -0.8 -0.8 - 14.0 25.8 6.5 11.9 5.6 
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Table 5.6 (cont’） 
No NOPD (dB) -4.4 7.7 14.0 16.3 - 16.2 28.5 32.4 19.7 17.8 
Z3 With NOPD (dB) -3.5 2.1 " h T T " 18.1 - 6.7 3.7 17.0 8.6 7.6 
Loss in dB -0.9 5.6— -0.7 -L8~ - “ 9.5 24.8 15.4 11.1 10.2 
No NOPD (dB) -6.0— 5.6 10.2 12.9 “ - 19.1 16.6 15.8 19.7 26.5 
Z4 With NOPD (dB) -5.3 1.0 10.7 14.7 - 0.7 “ -4.5 3 厂 2.1 13.5 
Loss in dB -0.7 4.6 -0.5 -1.8 - ~ 18.4 21.1 12.1 17.6 13.0 
No NOPD ( d B ) ~ -7.5 “ 3.3— 5.3 8.1 - 18.6 26.9 27.3 14.5 24.3 
Z5 With NOPD (dB) -6.8 “ -3.0 10.1 - 1.2 4.4 14.8 2.9 17.8 
Loss in dB -0.7 6.3 ~ . 4 -2.0 — - 17.4 22.5 12.5 11.6 6.5 
No NOPD (dB) -9.9_ -0.8 —-0.8 -0.2 ‘ - 14.0 24.5 25.8 19.6 24.3 
Z6 With NOPD (dB) -8.6~ -7.4 —-1.3 2.2 • - - Q ~ 1.0 15.5 4.3 15.3 
Loss in dB -1.3 6.6 0.6— -2.4 ~ - 14.1 23.5 10.3 15.3 9.0 
No NOPD ( d B ) ~ -13.0 “ -7.1 -7.0 -12.0 - 5.9 15.6 16.9 13.4 18.7 
Z7 With NOPD (dB) -11.6— -11.8 —-9.5 -8.0 - -4."Q~ -2.2 9.6 2.8 13.0 
Loss in dB -1.4 4.7 2.5 ~ -4.0 - 9.9 17.8 7.3 10.6 5.7 
No NOPD ( d B ) ~ -16.0 -16.8 -5.0 - -13.7 -0.5 1.1 11.2 17.2 24.0* 
Z8 With NOPD (dB) -15.1 -16.7 -7.3 - -15.3 0.5 -5.5 3.0 3.1 13.5* 
Loss in dB -0.9 -0.1 2.3 - 1.6 -1 6.6 8.2 14.1 10.5* 
No NOPD (dB) -14.3~ -2.1 ~ 1 . 6 -18.0 -8.0 1.1 7.3 11.4 14.7 24.8 
Z9 With NOPD ("dBr" -19.1 “ -4.0 -10.1 -8.7 4.5 “ -3.3 5.9 10.6 20.5 
Loss in dB 4.8 • 1.9 0.9 -7.9 ""oTT" -3.4 10.6 5.5 4.1 4.3 
No NOPD ( d B ) ~ -16.0 -1.1 1.2 -14.2 13.0 17.4 9.8 33.8 27.9 37.9 
ZIO With NOPD ("557" -18.2 “ -3.6 0.8 -6.1 7.6 2.9 “ -4.5 12.7 23.3 33.9 
Loss in dB 2.2 “ 2.5 ~ A -8.1 —6.6 14.5 14.3 21.1 4.6 4.0 
No NOPD ( d B ) ~ -15.7 “ -2.4 1.1 -8.9 13.6 17.9 “ 13.7 22.9 24.4* 36.1 
Zll With NOPD ("557" -14.2 “ -7.4 0.5 -16.1 7.0 3.6 “ 2.4 15.2 17.0* 32.6 
Loss in dB -1.5 “ 5.0 ~ 6 7.2 6.6 14.3 11.3 7.7 7.4* 3.5 
No NOPD ( d B ) ~ -10.6 “ -2.9 -2.9 -10.5 -12.7 0.0 “ 5.3 17.3 9.5 28.4 
Z12 With NOPD ("557" -9.6 “ -6.4 -2.3 -18.7 -13.7 -4.2 -7.1 10.9 3.8 23.9 
Loss in dB -1.0 “ 3.5 8.2 _1 .0 4.2 12.4 6.4 5.7 4.5 
No NOPD (dB) -13.2 -19.4 -13.3 -14.4 -6.0 1.0 7.2 1.7 11.8 
Z13 With NOPD (dB) -18.6 ~-8.4 -18.8— -17.6 ~-15.6 -7.3 -1.0 -1.8 8.0 
Loss in dB -1.9 ‘ -0.8 1.4 5.5 ~3 .2 9.6 83 8.2 3.5 3.8 
No NOPD ( d B ) ~ -14.7 “ -7.1 -9.8 -12.0 -20.9 5.2 15.8 14.8 10.2 22.9 
Z14 With NOPD (dB) -17.1 -5.9 -iTTT -8.2 -22.8 - 6 . ~ -5.2 3.2 6.7 15.3 
Loss in dB 2.4 • -1.2 1.9 -3.8 1.9 11.5 21.0 11.6 3.5 7.6 
No NOPD (dB) -11.4~ 0.1 0.7 - 13.8~ 23.8 18.0 19.0 21.7 
Z15 With NOPD (dB) -14.3 -3.0 3.3 — - -2.1 0.7 3.1 8.8 12.1 
Loss in dB 1.9 ‘ 3.1 -1.0 " -2.6 - 15.9 23.1 14.9 10.2 9.6 
No NOPD (dB) -8.3 ~ 4.9 8.7 - 18.9 26.0 29.4 16.4 23.0 
Z16 With NOPD (dB) -12.3~ 1.5 10.8 - 1.0— 3.5 6.0 2.7 13.9 
Loss in dB 4.0 ‘ 3.4 -1.4 -2.1 — - 17.9 22.5 23.4 13.7 9.1 
No NOPD (dB) -5.7 ~ 8.2 14.0 - 19.6 0.2 29.8 19.5 20.4 
Z17 With NOPD (dB) -10.7— 4.5 "~ToF" 15.6 - -0.1— -3.2 9.3 5.0 11.8 
Loss in dB 5.0— 3.7 -1.6 - 19.7 3.4 20.5 14.5 8.6 
No NOPD (dB) -3.9— 9.7 12.1 16.6 - —16.7 28.8 33.6 24.5 28.6 
Z18 With NOPD (dB) -9.0" 6.3 19.3 - 1.0— 3.0 17.9 11.9 14.2 
Loss in dB 5.1 3.4 | -1.8 -2.7 - 15.7 25.8 15.7 12.6 14.4 
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As shown in the measurement data, the following points can be observed: 
a. Particle damping exhibits a significant effect in higher frequencies, such as at modes 
of frequencies of 1124, 1152, 1552, 1712, 1950, 2240, 2400, 2648, 3504, 3592, 
4608, 4640, and 4816 Hz as shown in Tables 5.1 �5.6 . Their resonance amplitudes in 
X - , y-，and z-direction with tungsten granules filled under pulse excitations can be 
up to around 10 or 20 dB reduction. An interesting point is that few peaks will have 
negative value in loss of dB. However, its occurrence is seldom. By considering 
possible experimental errors, such amplitude increment can be ignored for higher 
frequencies. And then the nonlinear behavior of particle damping cannot be 
excluded in these cases. 
b. At 912 Hz, such frequency detected is the most obvious at z-direction points of ZIO 
and Z l l under x-direction excitation at point B in Table 5.6. By observing the mode 
shapes of mode 6 and 7 at 856 and 1022 Hz with fixed bottom area of stand shown 
in Figure 5.9, such frequency has larger modal amplitude at the back of the stand. 
Therefore, it is shown in Table 5.6, points ZIO and Z l l have larger amplitude 
decrease in dB than the points Z8, Z9, Z12, Z13, and Z14 near them. Its difference 
in amplitude decrease can be up to 6.6 dB. It proves that mode shape plays an 
important role in damping performance. 
c. At 136 Hz, damping performance is related to the direction of the pulse excitation. 
The amplitude of x-direction measuring points under x-direction excitation has an 
average 1.45 dB decrease as shown in Table 5.4. And the amplitude of y-direction 
measuring points under y-direction excitation has an average 2.44 dB decrease as 
shown in Table 5.2. 
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d. At 248 Hz, in generally, the performance of particle damping is better for any 
direction measuring points as shown in Tables 5.1 �5.6 . The amplitude of each x-
direction measuring point under x-direction excitation almost has a positive value 
decrease in dB as shown in Tables 5.4-5.5. The amplitude of measuring point under 
y-direction excitation will have a larger decrease in dB if they are located in the area 
of filled particles. As shown in Table 5.1, the damping effect at points XI and X2 in 
the middle head of the stand is better than those at points X3 and X4 at the side of 
the head. And then the damping at point XIO in the middle of the back of the stand 
is better than those at points X9 and XI1 at the side of the back. Moreover, as 
shown in Table 5.2, the damping effect at points Y2, Y3, and Y4 in front of head of 
stand and point Y12 at the back of the stand is better than those at points Y5, Y6, 
and Y7 in the middle of the stand, 
e. At 344 and 504 Hz, these two modes of frequencies are close to the frequencies of 
torsion modes 2 and 5 with fixed bottom area of stand as shown in Figure 5.10. And 
their damping performance is varied with the direction of excitation. The damping 
performance is good under y-direction pulse excitation as shown in Table 5.1 but it 
becomes worse under x-direction pulse excitation as shown in Table 5.4. At 504 Hz, 
it also shows a trend that the points in the granule filling area have a higher 
amplitude reduction in dB as shown Tables 5.1, 5.2, and 5.5. 
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Mode 6: 856 Hz Mode 7: 1022.8 Hz 
Figure 5.9 Mode shapes of stand at modes 6 and 7 with fixed bottom area of stand 
Mode 2: 309.15 Hz Mode 5: 482.21 Hz 
Figure 5.10 Mode shapes of stand at modes 2 and 5 with fixed bottom area of stand 
5.4 Bond Head Stand with Large Force Excitation 
Since lower frequencies « 500 Hz) of the stand are not significant under the 
excitation of impact hammer (Bruel & Kjrer 8202), a modally tuned big hammer (PCB 
Piezotronics 086C20), which is to test medium and heavy structures at low to medium 
frequencies, is used instead. Moreover, under around 3000 N force excitation, the 
displacement vibration amplitudes at the tip of stand as shown in Table 5.7 have been 
increased by 3---1 0 times than small force excitation. 
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Table 5.7 Initial displacement vibration amplitude of points in x, y, and z-direction under 
3000 N of different directions excitation  
Measurement points Initial vibration amplitude under different excitations (|im) 
A (Y) B (X) 
XI “ 31.9 - U M  
X2 — 28.6 — 
Y2 — 120.0 — 52.5 
Y3 116.0 — ^  
Y4 108.0 ~ ~ ^  
Z2 - 61.4 “ 
Z3 63.8 113.0 
5.5 Effect of Packing Ratio at Different Frequency Ranges 
Accelerance amplitudes with and without particles at points in the head of stand are 
compared below. Comparisons of accelerance amplitudes at the measuring points are made 
in the study. 
a. Under Y-direction Small Force Excitation at Point A 
> Comparison of accelerance amplitudes without and with 95% and 60% of packing 
ratios of tungsten granules at point 3 and 4 in x-direction is shown in Figure 5.11. 
> Comparison of accelerance amplitudes without and with 95% and 60% of packing 
ratios of tungsten granules at point 2 and 3 in y-direction is shown in Figure 5.12. 
> Comparison of accelerance amplitudes without and with 95% and 60% of packing 
ratios of tungsten granules at point 1 and 2 in z-direction is shown in Figure 5.13. 
b. Under X-direction Small Force Excitation at Point B 
> Comparison of accelerance amplitudes without and with 95% and 60% of packing 
ratios of tungsten granules at point 3 and 4 in x-direction is shown in Figure 5.14. 
> Comparison of accelerance amplitudes without and with 95% and 60% of packing 
ratios of tungsten granules at point 2 and 3 in y-direction is shown in Figure 5.15. 
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~ Comparison of accelerance amplitudes without and with 95% and 60% of packing 
ratios of tungsten granules at point 1 and 2 in z-direction is shown in Figure 5.16. 
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Figure 5.11 Comparison of accelerance amplitudes without and with 95% and 60% of packing ratios 
at point 3 and 4 in x-direction under excitation at point A 
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Figure 5.16 Comparison of accelerance amplitudes without and with 95% and 60% of packing ratios 
at point 1 and 2 in z-direction under excitation at point B 
From the above experimental results, it shows that particle damping has a 
significant effect at higher frequencies, such as at modes of frequencies of 1124, 1152, 
1552, 1712, 1950, 2240, 2400, 2648, 3504, 3592, 4608, 4640, and 4816 Hz as shown in 
Figures 5.11,--.,5.16. Their resonance amplitudes in X-, y-, and z-direction with tungsten 
granules filled under pulse excitations can be up to around 10 or 20 dB reductions. And it is 
found that the damping performance of 95% packing ratio is better than that of 60% 
packing ratio. In the steel beam experiment, it also showed the damping performance is 
better at higher frequencies with higher packing ratio. The beam experiment has provided a 
clue for the implementation of particle damping on the bond head stand. 
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Figure 5.14 Comparison of accelerance amplitudes without and with 95% and 60% of packing ratios 
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Figure 5.15 Comparison of accelerance amplitudes without and with 95% and 60% of packing ratios 
at point 2 and 3 in y-direction under excitation at point B 
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Figure 5.12 Comparison of accelerance amplitudes without and with 95% and 600/0 of packing ratios 
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Figure 5.13 Comparison of accelerance amplitudes without and with 95% and 60% of packing ratios 
at point 1 and 2 in z-direction under excitation at point A 
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c. Under Y-direction Large Force Excitation at Point A 
> Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios of tungsten granules at point 3 and 4 in x-direction is shown in Figure 5.17. 
> Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios of tungsten granules at point 2 and 3 in y-direction is shown in Figure 5.18. 
> Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios of tungsten granules at point 1 and 2 in z-direction is shown in Figure 5.19. 
d. Under X-direction Larg^e Force Excitation at Point B 
> Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios of tungsten granules at point 3 and 4 in x-direction is shown in Figure 5.20. 
> Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios of tungsten granules at point 2 and 3 in y-direction is shown in Figure 5.21. 
> Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios of tungsten granules at point 1 and 2 in z-direction is shown in Figure 5.22. 
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Under Y-direction Large Force Excitation at Point A 
AX3 point 0.1 I 1 1 ！ 1 1 
！ - - No particles . I ——100%of 0.50~0.71 mm g-o.oa - I ——60% d 0.50-0.71 mm [" 
Si i In 
E0.06_ 一 
§ ‘ f: 」 
1 0.04- I I ,叛 , _ 
0 100 200 300 400 500 600 
Frequency Hz 
AX4 point 
0 . 0 8 1 — 1 1 ： 1 ' 
- - N o particles 
0.07 - , — - 100% of 0.50-0.71 mm 卜 
il -——60% of 0.50-0.71 mm 一 I 0.06 - 丨I 广 卜 
io.05- I A: -
1 ！ H； -I 0.03 - f 1 A iJ. X .. -
0 100 200 300 400 500 600 
Frequency Hz 
Figure 5.17 Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios at point 3 and 4 in x-direction under excitation at point A 
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Figure 5.18 C o m p a r i s o n of acce lerance ampl i tudes without and with 100% and 6 0 % of packing 
ratios at point 2 and 3 in y-direct ion under excitation at point A 
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Figure 5.19 Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios at point 1 and 2 in z-direction under excitation at point A 
Under X-direction Large Force Excitation at Point B 
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Figure 5.20 Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios at point 3 and 4 in x-direction under excitation at point B 
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Figure 5.21 Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios at point 2 and 3 in y-direction under excitation at point B 
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Figure 5.22 Comparison of accelerance amplitudes without and with 100% and 60% of packing 
ratios at point 1 and 2 in z-directi on under excitation at point B 
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Under the large force excitation, four resonating frequencies in lower frequency 
range, such as 106 Hz, 236 Hz, 341 Hz and 500 Hz, are excited. Particle damping is taking 
effect at 236 Hz and 341 Hz except at 106 Hz, which may relate to the mode of whole 
structure vibration. By FEM analysis, 236 Hz and 341 Hz are close to the first and second 
modes of frequencies, i.e. 228.86 Hz and 309.15 Hz respectively, of stand with fixed 
bottom area. Since the effective frequency bandwidth of pulse excitation with the big 
hammer is just up to 400 Hz, the mode of frequency 500 Hz is not concerned in the 
experiment. 
Higher packing ratio betters the damping performance if the points are in the 
direction of excitation as shown in Figures 5.18 and 5.20. The points in the direction of 
excitation have larger vibration amplitudes. It would excite most of particles to move for 
momentum transfer and enable the energy of structure to dissipate through not only impact 
but also friction. So, more particles filled more energy would be dissipated. At the other 
conditions, at 236 Hz, lower packing ratio, i.e. 60%, is favored while higher packing ratios, 
i.e. 100%, is favored at 341 Hz as shown in Figures 5.17, 5.19, and 5.21 �5.22. 
Under different directions of 3000 N pulse excitations, FRF amplitudes of the points 
at any directions of the stand have been decreased by 50% at 341 Hz. And then at 236 Hz, 
FRF amplitudes of the points are at least 25% reduced, except the points at Zl, Z16, Z17 
and Z18 in z-direction under y-direction pulse excitation at point A. 
5,6 Discussions 
Particle damping functions over wide frequency ranges but it also depends on the 
amplitudes of such frequencies. It shows that amplitude and frequency of the excitation are 
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two main factors affecting damping performance. Besides, from the stress concentration 
analysis, holes drilled on the bond head stand will not affect the overall mechanical strength 
much if a suitable location is chosen. It increases the feasibility of particle damping in 
engineering applications. 
On site testing for a wire bonder (Model ASM AB559) had been carried out at ASM 
Company in November 2001. However, particle damping effect is not significant for the 
bond head stand at 27 Hz and 245 Hz under realistic situation of operation. The reason 
would be the following points: 1) the vibration amplitude of the stand is tiny (< 50 f^m). It is 
unable to activate the particles to move. It losses the major damping mechanism such as the 
energy dissipation through impact and friction; 2) bond head stand is a heavy structure, 
which is around 40 kg. However, the mass of particle filled is around 1.4 kg. So, the mass 
ratio of stand to particle is about 40 to 1, i.e. 2.5%. Such mass ratio of primary structure to 
granular particle abates the contribution of particle damping under realistic situation of 
operation. 
From the conducted experiments, particle damping is found effective when the 
acceleration of the structure is high enough. The collisions and frictions among particles 
and between particles and walls are the main mechanisms for vibration suppression. When 
the vibration amplitudes of structures such as accelerations reach a certain level in a 
condition, the collisions and frictions are achieved and then the vibration energy of the 
structure is dissipated by the particles. However, it is still unknown what the acceleration 
value is. If such value can be found, it would provide an important index for the 
effectiveness of particle damping in engineering applications. 





Through experimental studies with particle damping, it has shown its feasibility on 
suppressing structural vibration. Its damping performance is influenced by a number of 
system parameters and such nonlinear phenomenon complicates its study. In this study, 
several system parameters are investigated such as packing ratio, granule size, material 
type, structural form, location, and frequency and amplitude of excitation. It shows that 
lower packing ratio and smaller granules are favored in lower frequency range and vice 
versa in higher frequency range. And then the mode shapes of a structure are shown to be a 
good clue for predicting a good location for particles embedded or enclosure attached. 
Combining FEA with experimental modal analysis, its vibration characteristics can be 
obtained for figuring out the vibration problem. 
Particle damping has shown its effectiveness on bond arm in die bonding machine 
and bond head stand in wire bonding machine. It is the first time for application of particle 
damping extending to electronics manufacturing equipment in semiconductor industry. 
With its simplicity, its cost would be kept low. For engineering applications, a guideline is 
introduced as follows: 
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1. Determine feasibility of particle damping for a structure by analyzing its vibration 
amplitudes and frequencies through simple tests on a structure. 
2. Determine the implementation method of particle damping. It includes the methods 
of embedding in and attaching to a structure. 
3. If the method of embedment is adopted, the diameter, depth, and location of holes 
should be determined. On the other hand, if the method of attachment is adopted, an 
enclosure should be designed and its location should be determined too. Usually, a 
location with large vibration amplitude will be a good place for particles since it is 
efficient for momentum transfer and energy dissipation through impact and friction. 
Or particles can be located in the road of transmission of the excitation forces from 
vibration source to the main parts by acting as a vibration isolator. 
4. Through finite element analysis, the vibration characteristics of a structure can be 
obtained. Comparing with experimental modal analysis, their accuracy can be 
verified with each other in predicting the modal parameters of a structure. 
5. Moreover, by FEA, the stress concentration of a structure after drilling holes on it 
should be analyzed to check the influence of holes drilled on the structure. The 
location, number, and dimension of holes can be determined without significantly 
varying the overall mechanical strength in the analysis. More holes drilled could be 
better in damping performance since more particles filled will increase energy 
transfer. Besides, for small vibration amplitude, multiple-chamber design without 
the problem of stress concentration would increase damping performance through 
preventing particles from blocking in the bottom layers. 
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6. Verify the damping performance under various system parameters. Particles with a 
higher density usually have a good damping under the same conditions since the 
heavier the particles more energy absorbed from a vibrating structure. Energy 
dissipation through impact increases, and then normal force is larger for a higher 
density material and it also increases friction energy dissipation. On the other hand, 
it is found lower packing ratio and smaller particles are favored in lower frequency 
range and vice versa in higher frequency range. So, there is a tradeoff in application 
for different range of frequencies. 
6,2 Future Work 
In order to reduce extensive trial-and-error testing, it is valuable to develop 
analytical models for investigating particle damping effectiveness. In addition, further 
experimental and analytical efforts are also desired to understand the energy damping 
mechanisms through impact and friction. On the other hand, for engineering applications, a 
combination of an analytical model for particle damping and finite element method (FEM) 
would be a powerful tool for designing structures with particles. With the help of FEM, not 
only the structural characteristics can be predicted but also it will be easy to modify the 
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